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Abstract 
For many years, the biggest issue that causes discomfort and hygiene issues for 
patients with lower limb amputations have been the interface between body and 
prosthetic, the socket. Often made of an inflexible, solid polymer that does not 
allow the residual limb to breathe or perspire and with no consideration for the 
changes in size and shape of the human body caused by changes in temperature or 
environment, inflammation, irritation and discomfort often cause reduced usage or 
outright rejection of the prosthetic by the patient in their day to day lives. To 
address these issues and move towards a future of improved quality of life for 
patients who suffer amputations, Loughborough University formed the Next 
Generation Prosthetics research cluster. 
This work is one of four multidisciplinary research studies conducted by members of 
this research cluster, focusing on the area of Computer Aided Design (CAD) for 
improving the interface with Additive Manufacture (AM) to solve some of the 
challenges presented with improving prosthetic socket design, with an aim to 
improve and streamline the process to enable the involvement of clinicians and 
patients in the design process. 
The research presented in this thesis is based on three primary studies. The first 
study involved the conception of a CAD criteria, deciding what features are needed 
to represent the various properties the future socket outlined by the research 
cluster needs.  These criteria were then used for testing three CAD systems, one 
each from the Parametric, Non Uniform Rational Basis Spline (NURBS) and Polygon 
archetypes respectively. The result of these tests led to the creation of a hybrid 
control workflow, used as the basis for finding improvements. The second study 
explored emerging CAD solutions, various new systems or plug-ins that had 
opportunities to improve the control model. These solutions were tested 
individually in areas where they could improve the workflow, and the successful 
solutions were added to the hybrid workflow to improve and reduce the workflow 
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further. The final study involved taking the knowledge gained from the literature 
and the first two studies in order to theorise how an ideal CAD system for producing 
future prosthetic sockets would work, with considerations for user interface issues 
as well as background CAD applications. 
The third study was then used to inform the final deliverable of this research, a 
software design specification that defines how the system would work. This 
specification was written as a challenge to the CAD community, hoping to inform 
and aid future advancements in CAD software. As a final stage of research validation, 
a number of members of the CAD community were contacted and interviewed 
about their feelings of the work produced and their feedback was taken in order to 
inform future research in this area. 
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1. Introduction    
In recent years, advancements in lower limb prosthetics have taken strides in 
comparison to their upper limb counterparts. The freedom of mobility that every 
human experiences from something as simple as walking is often taken for granted. 
The loss of this freedom that comes from losing a portion of one or both legs can be 
just as emotionally traumatising as it is physically traumatising, the most 
rudimentary lower limb prosthetics can affect the self-esteem of the patient and 
the strain and effort needed that is needed to walk with these limbs can cause 
frustration and exasperation. 
With these issues in mind a number of new initiatives are being tried and tested in 
both the medical sector and aesthetic area of prosthetic design.  Modern limbs have 
gone from being simple representations of what the patient has lost to mechanised, 
intelligent units that work with the motion of the patient to allow them more 
freedom of movement while exhausting less energy and maintaining more comfort. 
Elsewhere, design groups are turning lower limb prosthetics into works of art, giving 
patients the confidence to stand out with their limb instead of feeling like they need 
to hide it away. 
The socket interface that attaches the limb to the patient has gone through 
numerous changes in an attempt to reduce the discomfort and irritation that comes 
from spending a day in their prosthetic limbs, creating a truly customised 
experience for each and every patient. As Doubrovski et al (2014) state the human 
body is heterogeneous in nature, so why despite this are current prosthetics and 
orthotics interfaces homogenous in material composition? To combat these issues, 
further recent trials of osseointegration, the process of mounting prosthesis directly 
to the bone using titanium implant, are removing the socket giving the patient a 
more natural interface that has even been shown to give back some sensation of 
feeling the patient has been missing.  
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With all of these advancements, the issue that this research study intends to 
address is revolutionising the methods that are used to create these prosthetic 
limbs; can the production of these next generation lower limb prosthetics be 
enhanced by the new emerging technologies of Additive Manufacture?  
  
Additive Manufacture (AM) is another field that has seen numerous advancements 
in recent years. What began as a means of quickly producing complex prototypes of 
parts that would eventually be produced using conventional manufacturing 
methods is now being hailed as the future of manufacturing in industry; whether or 
not this is true however is yet to be seen. The increasing popularity of AM has seen 
it leave the realm of research and development and make its way into various 
businesses, creating its own niche market for a new breed of company to step into 
and even more recently, make its way into the home. 
While these new trends are interesting in their own right, the main driving force of 
AM advancement is still coming from industry, with the ability to selectively laser 
melt metal components, or the more recent trend of ultra violet jetting processes 
allowing users to produce prototypes with multiple material properties and in a 
variety of colours. It is these new systems and the technology behind them that will 
be of most interest during this research study. The possibilities afforded to the 
designer by these new emerging technologies greatly improve design freedom, 
being able to produce complex geometries that have multiple material regions or 
graded material sections is far more accessible than before allowing the creation of 
much more accurate and tactile prototypes earlier in the design stage. The next, 
and arguably the biggest question, comes from how all AM technologies are 
interfaced with the three dimensional representations of parts produced with 
Computer Aided Design (CAD) and the file types that communicate this information 
to the machines. 
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While CAD itself has seen waves of improvement in recent years, going from using 
mathematical formula to generate geometry, to fully interactive software programs 
that allow users to manipulate solids, surfaces and more recently both in hybrid 
modelling systems, one aspect of CAD seems to not progressed, the 
Stereolithography (STL) file format. The file format was conceived alongside the AM 
process that shares its name in 1987 and has been used as the main file format for 
additive processes since. 
Some would argue that if it has worked for this long, then surely it must still be fit 
for purpose and while this is still true to an extent, some of the newer 
advancements in AM cannot be utilised efficiently using STL files. The original STL 
file had no means of storing multiple material information, material properties or 
colour, meaning that the support software of a particular AM machine must be 
used to apply this information to an existing CAD model which can be troublesome 
for Service Bureaus. 
Another disadvantage is that the more detailed a part is the larger the STL file size 
will be. For example if a cube was modelled with the intention of it being porous, 
the designer would have to model each and every pore into the cube manually, 
creating thousands of tiny features that would all have to be picked out and 
represented by a series of triangular polygons when the conversion into an STL  file 
is made. This would increase the file size exponentially, making it incredibly 
inefficient.  
The questions that need to be solved with CAD are how can these problems be 
resolved to produce a time and cost efficient, more user friendly system? Should 
the changes be made within the CAD environment itself or should they be applied 
to the resulting file type? 
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1.1 Research Aim and Objectives  
  
The overall aim of research is to explore the possibilities of improving CAD to better 
facilitate the recent and future advances in AM. To address these questions, a 
number of research objectives have been posed. The objectives are as follows: 
- Objective 1 is to establish the current CAD state of the art. By identifying the 
cutting edge of research and development going into emerging CAD systems, 
it will be possible to assess the most relevant course of action to take in 
developing solution to the aforementioned problems. 
- Objective 2 is to identify strategies for new multiple material 
representations via CAD. By assessing current commercial CAD systems and 
using them to perform design tasks, it will be possible to identify 
shortcomings and areas for improvement that could be applied in future 
research. 
- Objective 3 addresses the issue of scale and proposes solutions, it should be 
possible to reduce the inefficiencies and drawbacks of current file types and 
move towards creating a more stable method of representing complex 
geometries. 
- Objective 4 of research is to evaluate target strategies for future applications 
in the next generation of prosthetics by assessing the tested outcomes 
against their relevance to the world of prosthetic design and engineering.   
1.2 Research Cluster Context 
This research was conducted as part of a multi-disciplinary research group called 
‘Next Gen Prosthetics’. The area of prosthetic design was chosen as a vehicle to 
explore new research in the fields of CAD and AM, Materials Science, Mechanical 
Loading and Human Cell Biology. The aim of this group was to explore fundamental 
research that would support a radical change in prosthetics over the next decade or 
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more. The overall group aim was based on a hypothetical prosthesis that would 
combine a number of emerging technologies ranging from biology to manufacturing. 
This project consisted of a cohort of four PhD studies: one in mechanical 
engineering focusing on analysing the loading of the residual limb and generating 
Finite Element Analysis (FEA) meshes; one in materials engineering looking into the 
viability of the production and AM deposition of hydrogels for use in socket 
manufacture; one in sports and exercise medicine exploring controlling the 
direction and grouping of grown motor neurite cell biology for sending signals to 
cologne muscle constructs; and finally this study which explores the use of CAD for 
producing prosthetic sockets via AM. While the research projects had a basic 
relation to one and other, the works were not dependent on each other. 
 
Figure 1: Research Cluster Proposal for Future Prosthetic Socket 
Figure 1 shows the research clusters proposed approach for a future prosthetic 
socket that this research study intended to produce. Based on this image and the 
overall aims of the research cluster, a number of keywords can be extracted which 
help to build a landscape for the literature review.  The key words are as follows: 
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Transtibial Lower Limb Prosthetics; It was decided early on by the research cluster 
that research would focus on transtibial lower limb amputations. 
Computer Aided Design and Additive Manufacture; as stated, the primary focus of 
this branch of the research cluster involves exploring CAD for interfacing with 
current and future AM. 
Channels for Tissue Engineering; small designed in features are required to aid in 
controlling the growth and direction of Motor Neurites where needed. 
Surface Chemistry; to aid with the control of neurite growth, areas will be coated 
with chemicals that either encourage and foster healthy cell growth or repel and 
discourage cell growth in that area. 
Soft Biocompatible layer; to improve the comfort and hygiene of the patient, the 
interior surface of the socket may be constructed of a soft and biocompatible 
material. This requires the ability to define variable material properties throughout 
the socket.  
Designed in Microstructure; another factor to aid in hygiene and comfort, the 
socket surface should be populated with a microstructure to allow skin to breathe 
and sweat to be drawn away from the skin and expelled through the exterior of the 
socket. 
Controlled Variable Stiffness; another area that requires the introduction of 
multiple materials, controlled variable stiffness will allow the socket to expand and 
contract with the patients residual limb while maintaining the necessary rigidity of 
supporting the load of the patient. 
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1.3 Research Methods 
1.3.1 Design Research Methodology  
There are numerous different ways that research can be conducted with a variety of 
existing methods that can be followed. To help shape the work as a hole it was 
decided that this research would be conducted following Blessing and Chakrabarti’s 
(2009) Design Research Methodology (DRM). There are seven separate types of 
research under this methodology, the majority of which involve four main stages; 
‘Research Clarification’, ‘Descriptive Study I’, ‘Prescriptive Study’ and ‘Descriptive 
Study II’. Each of these study types has three separate ways in which research can 
be conducted; ‘Review-Based’, ‘Comprehensive’ and ‘Initial’. ‘Review-Based’ studies 
employ a literature review of design or design support. ‘Comprehensive’ studies 
have results which are produced by the researcher. ‘Initial’ studies end the research 
by providing results which are usable by others. Based on this information, this 
work follows the fifth type of DRM which is shown in Table 1. A figure of the DRM 
adapted for this study is shown in Figure 2. 
 
 
 
For the ‘Research Clarification’ stage, a literature review was conducted (Chapter 2) 
using the keywords is Section 1.2 as a starting point. This review focused four main 
areas; The current practices revolving around transtibial prosthetics, an exploration 
of both current and upcoming AM technologies, An exploration of CAD current 
standards and academic literature of upcoming improvements and File types used 
for communicating between medical scan data, CAD systems and AM technologies. 
A After the literature review had been conducted the research objectives (Section 
1.1) and knowledge gained from the review formulated the Research Questions 
Stage Research Clarification Perscriptive Study I Descriptive Study Perscriptive Study 2
Study Type Review Based Comprihensive Comprihensive Intial
Chapter(s) 2,3 4 5 6,7
Table 1: DRM type 5 and the chapters that satisfy the stage. Adapted from Blessing and Chakrabarti 
(2009, pg 18) 
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found in Chapter 3. This stage provides information that was used to identify and 
inspire new CAD strategies for application in the next stages of the research study. 
 
The ‘Descriptive Study I’ is found in Chapter 4. Building upon the information 
discovered in the literature review and identifying factors that will need improving. 
The focus of research for this stage is gaining an understanding of what is possible 
with CAD in relation to prothetics. A research plan for the stage was then 
formulated and a measurable CAD success criteria was concieved from the 
information gained from literature and the breif given by the research cluster 
(Section 1.2). Once this was done the empirical study was then conducted. A 
number of tests on CAD were conducted and tested against the success criteria. 
Each test involved using a different example of the solids, surface and mesh CAD 
archetypes to explore their strengths and weeknesses going forward through the 
Research. A model of a prosthetic socket that meets the CAD criteria (Section 4.2.1) 
was produced, and the steps involved in creating said model gave a control 
workflow (Figure 102). This control workflow allows improvments to be assessed in 
Figure 2: DRM diagram for this research. Adapted from Blessing and Chakrabarti (2009, pg 15,39) 
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later studies, and overall conclusions of the were drawn. These conclusions were 
used to inform the ‘Perscriptive Study’ stage.   
The ‘Prescriptive Study’ is found in Chapter 5. Using the better understanding of 
current CAD capabilities gained from the ‘Descriptive Study I’ stage, the aim of this 
study to determine factors to that need to be addressed in order to improve the 
current CAD situation. Following this task clarification, a number of emerging CAD 
strategies were explored (Section 5.2.1), and they were put against a measurable 
test criteria (Section 5.2.3). These tests showed the areas where these CAD 
strategies would improve the control workflow from the previous study. Once 
opportunities had been established, a second socket was created to match the CAD 
criteria (Section 5.2.4). This formed a second workflow (Figure 116) to be created 
for comparison with the control workflow. Once the tests had been completed, the 
improvements were evaluated in order to provide detail for the final stage of the 
DRM, the ‘Descriptive Study II’ stage.    
Chapter’s 6 and 7 provide the ‘Descriptive Study II’ stage. As mentioned above, for 
this stage of research an ‘Initial’ study was conducted. Using the knowledge 
gathered throughout the rest of the research, a solution for CAD focusing on the 
prosthetics application and intended end user (Section 6.2) was conceived. This 
concept was then developed into a Software Design Specification (Appendix I.II). 
This specification was used as a focus for evaluating research, paired with a 
presentation (Appendix I.VI.I) on the work done and what was achieved. A plan for 
conducting evaluation interviews was developed, and a pilot study involving CAD 
users and software developers was conducted (Section 7.2.1). 
The result of these interviews aided in developing the evaluation interviews for 
communication with Prosthetist’s (Section 7.2.3).  This communication provides 
feedback on the work as a whole and allows conclusions and discussions to be 
drawn to end the thesis. 
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1.4 Thesis Structure 
Figure 3 shows a diagram of the overall structure of the thesis. The diagram shows 
the sections of the thesis, the flow of knowledge and how they link to each other.  
Chapter 2
Literature Review
Chapter 3
Research Questions
Chapter 4
A Comprehensive Review of Current 
CAD Environments 
Chapter 5
Assessing Emerging CAD Strategies for 
Improving the Control CAD Workflow 
Chapter 6
Theoretical Proposal for a Future CAD 
Approach
Chapter 7
External Research Validation
Chapter 8
Discussion
Chapter 9
Conclusions
Literature 
Review
Research 
Cluster Brief 
CAD Criteria
Control Workflow 
Review of Current 
CAD
Review of Emerging  
CAD
Improved Workflow 
CAD State of 
the Art
Current Socket 
Manufacture
AM 
Understanding
Objectives of 
Research
Theorising Ideal 
CAD Environment
Theoretical 
Workflow 
Software Design 
Specification
Pilot External 
Evaluation Session
Discussion of 
Research
Conclusions Drawn 
from Research
Main External 
Evaluation Session
 
Figure 3: Diagram of thesis structure. 
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2. Literature Review 
2.1 Introduction  
In accordance with the first research objective, an in depth literature review was 
conducted to assess the current state-of-the-art in CAD research that is relevant to 
the study. In this literature review a number of existing areas of prosthetic 
manufacture and design are explored in detail. In keeping with the theme of 
research, special attention was paid to existing practices in the field of lower limb 
prosthetics, current themes of AM and different principles utilised by CAD. 
Due to the nature of the end product, it is important to have a basic understanding 
of the current methodology utilised in design and manufacture of lower limb 
prosthetics, their limitations and emerging technologies that could prove relevant 
to the research. 
This research study aims to contribute to the future production of lower limb 
prostheses via AM so exploring existing literature to form an understanding of the 
principles and processes of current AM technologies was a necessary starting point. 
Investigation into current research and future advances in producing parts with 
multiple and or graded materials were also considered. 
In order to produce parts using these AM machines, a CAD model must first be 
produced. There were a number of CAD data types to explore, with different 
strengths and weaknesses to assess. Current research was also explored to discover 
how other researchers are tackling the problems of multiple material 
representations and representation of porous materials. 
Currently the trends in production of lower limb prosthetics are predominantly 
mechanical. As the industry strives to create more and more effortless, natural 
moving limbs, the technology and manufacturing processes needed to produce 
these prostheses has evolved. With the need for linkages and assemblies to allow 
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the user to replicate their lost limb as best possible, a lot of care and attention has 
to be paid to loading, stress and strain, while the need for personalisation is high; 
this is specifically important in the interface, as no two patients have the same 
residual limb. Due to the current nature of these intensively mechanical structures 
it was necessary to investigate how AM could impact the production of prosthetics. 
Within AM there is constant research into advancing the accuracy of objects 
produced and the speed at which they can be produced. More recently, 
investigations into processes that can produce parts with numerous materials and 
mechanical properties have begun, aiming to bridge the gap between prototyping 
and manufacture. As the main interest of the work is to eventually produce a multi-
material end-use product via AM, the actual processes have not yet been decided 
upon. This allows all forms of AM for multiple material representations to be 
explored.  
When it comes to CAD, there are numerous arguments both for and against certain 
file types and even the introduction of new file types. Other arguments centred on 
multiple material representations discuss how material information is attached to a 
CAD geometric representation. A lot of the research into these multiple material 
representations tends to centre on producing functionally graded materials or 
heterogeneous objects due to the nature of combining material properties, 
whereas this study may require regions of discrete material changes, which could 
be a gap in existing research. 
This review was conducted to establish a baseline from which the continued 
research within the study could be built. Without an understanding of the needs 
and processes currently used in producing lower limb prosthetics the result of the 
research may not be accurate or reflect the needs of the end user. When exploring 
the literature, the key criteria included discovery of the components used in a lower 
limb prosthetic, how they are produced and any literature surrounding previous 
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experimentation with AM processes producing parts of lower limb prostheses. Due 
to the focus on CAD representations for a hypothetical future prosthesis it was not 
necessary to explore the mechanical properties or current practice in detail.  
Information about loading and strain and material properties were addressed by 
other members of the ‘Next Gen Prosthetics’ research group. Ultimately it was 
decided that the groups focus would be on transtibial lower limb prosthetics as the 
hypothetical use case scenario. 
Due to the recent surge in popularity of AM, the amount of literature surrounding 
the topic and its applications is rapidly increasing. In order to focus on the most 
relevant information for this research, the history of AM and the most significant 
developments in the commercial industry are the areas explored in this review, 
along with patents and emerging technology. 
The wealth of literature that relates to CAD is vast, so the main focus of all literature 
explored was centred on CAD for AM. The topics of interest within this area were 
drawn from the keywords extracted in Section 1.2. 
While exploring existing research about representing multiple material structures, 
the information sourced was assessed on how the authors introduced the problem 
of multiple material representations, their approach to solving the problem and the 
conclusions of their research. These same criteria were used for the discussion on 
existing research into representing porous structures, another need found from the 
Research Cluster background image (Figure 1). 
2.2 Prosthetic Design Current Practice 
While the ‘Next Gen Prosthetics’ group had already outlined the need and qualities 
of a prosthetic socket that this study is working towards (Figure 1), it is still 
important to assess current practices of assessing, designing and fabricating 
prosthetic sockets today. The following sections Introduce the statistics behind 
transtibial amputees in the UK, explain the gait cycle and Medicare Functional 
Literature Review 
 
 
 
 
25 
 
 
Classification Levels (k levels), information for analysing and prescribing a patient 
with a lower limb amputation and the components and current manufacturing 
process of transtibial prostheses and sockets. 
2.2.1 Gait Cycle 
Edelstein and Moroz (2011) explain how normal walking is a repetitive, rhythmical 
and symmetrical activity. The gait cycle, shown in Figure 4, takes into account the 
whole body’s movement from when one foot strikes the floor until the same foot 
lands on the floor again.  Seymour (2002) notes that the gait cycle can be divided 
into two periods, the Swing Phase and Stance Phase. Edelstein and Moroz (2011) 
elaborate; “Stance Phase refers to the portion of the gait cycle where the foot in 
question contacts the floor; it takes up approximately 60% of the gait cycle at 
walking pace. Swing Phase refers to the portion of the gait cycle where the foot in 
question has no contact with the floor and takes up the other 40% of the gait cycle.” 
 Seymour (2002) and Edelstein and Moroz (2011) further divide the Gait Cycle into 
the following Phases: 
- Initial Contact 
- Loading Response (Foot Flat) 
- Midstance 
- Terminal Stance (Heel Off) 
- Preswing (Toe Off) 
- Initial Swing  
- Midswing 
- Terminal Swing (Late Swing) 
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Figure 4: Natural Gait Cycle. - Epomedicine (2014) 
2.2.2 K Levels  
The writing of Edelstein and Moroz (2011) reveals that the Medicare Functional 
Classification Levels (MFCL), also known as K levels, were defined by Medicare in 
1995 and are used to determine the medical necessities of knee and foot ankle 
assemblies. The K levels are as following: 
- K0: Not a candidate 
- K1: Household ambulation 
- K2: Limited community ambulation 
- K3: Community ambulation with vocational, therapeutic or exercise needs 
- K4: High levels of activity such as demonstrated by active adults and athletes  
2.2.3 Transtibial Prosthesis  
According to the most recent Limbless Statistics Annual Report (2015) between 
2011 and 2012 there were 5906 recorded amputees in the UK, 4452 in England, 815 
in Wales, 468 in Scotland and 171 in Northern Ireland. Of all the various levels of 
amputation recorded, 2994 of them are transtibial amputees.  This means just over 
50% of all amputees in the UK at the time of data collection were transtibial 
patients, providing a considerable market share. At the time of writing NHS England 
report they spend £60,000,000 on prosthetic services every year.  
Edelstein and Moroz (2011) explain Transtibial Prostheses in their book ‘Lower-limb 
Prosthetics and Orthotics’. Transtibial prosthesis contains four main components 
shown in Figure 5: the foot ankle assembly; the shank; the socket; and the 
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suspension. Prescription of components depends on the clinical status of the 
patient and their anticipated functional capacity; activities such as running and 
swimming require special components. 
 
Figure 5: Components of a Transtibial Prosthetsis - Alberta Association of Orthotists and Prosthetists 
(2014) 
Seymour (2002) provides more detail on the levels of transtibial amputations. An 
amputation that leaves less than 20% of the tibia is a short transtibial amputation 
which only occurs due to trauma. It is very rare that an elective procedure will result 
in this amputation. Standard transtibial amputations occur between 20 and 50% of 
the tibial length. Elective procedures commonly target the middle third of the tibial 
length to leave a well-padded biomechanically sufficient lever. The ideal tibial 
length for prosthetic fitting is 80mm below the knee. 
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2.2.4 Lower Limb Prosthetic Components  
Foot Ankle Assembly 
Edelstein and Moroz (2011) list the components of the distal portion of a transtibial 
prosthesis, the foot ankle assembly. Currently all foot prosthetics are mass 
produced to specific criteria: 
-  The shape should resemble a normal foot, at least in length. Some 
assemblies have an exterior cover with a similar colour and contour to the 
existing foot. The patient should be able to wear a wide variety of shoes, 
however the shoes must have the same heel height, unless the prosthesis 
has an adjustable heel mechanism. 
- The assembly must provide a stable base for the patient when they stand. 
- It must absorb shock during the early walking stance. 
- A plantar that flexes to allow the patient to transfer heel contact to flat foot 
position. 
- Allow hyperextension of the distal portion of the foot, known as toe break 
action. 
- Maintains a neutral ankle position during swing phase. 
At the time of writing, there is no existing commercial foot prosthesis that provides 
the following functions: 
- Sensory feedback from the foot. 
- Flexion of the plantar without application of full body weight. 
- Tip-toe walking. 
- Reduction of excursion compared to the natural joint. 
Shown in Figure 6, foot ankle assemblies are classified as two separate categories, 
articulated and non-articulated. In both categories are dynamic feet are found; 
these are units that store and return energy whilst being used. 
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Figure 6: (a) Non Articulated Foot (Seattle Lightfoot), (b) Articulated Foot (Freedom Innovations 
Kinterra), (c) Dynamic Foot (Ottobock Trias+) 
Non Articulated Feet: These parts have no separation between the upper and lower 
parts of the foot. Simple in construction with few moving parts, these feet are more 
durable and lightweight with a lower cost than their articulated counterparts. Some 
units permit passive motion in all directions depending on the load the patient 
applies. 
Articulated Feet: As the name suggests, articulated foot assemblies provide a 
greater range of motion, which enables the patient to tackle sloped terrain more 
effectively. The drawbacks of these feet include the number of moving parts in the 
assembly and the disconnect between the foot and the shank, making them 
vulnerable to debris entering the mechanisms or loosening of the mechanism. 
Dynamic Feet: Intended for individuals of K3-4 levels who can apply force to deform 
the keel or K2 patients that need to walk rapidly, dynamic feet attempt to imitate 
the gastrocnemius soleus muscle group. Research is inconclusive about the 
effectiveness of these feet; benefits are listed as increases in walking speed, 
reduction in heart rate and perceived exertion while other studies note reductions 
in compensation in the remaining limb but this research is yet to be confirmed. 
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Shank 
Edelstein and Moroz (2011) introduce the shank as the component located between 
the foot ankle assembly and the distal portion of the socket. The purpose of the 
shank is to transmit the patient’s weight from the socket to the foot. The shank is 
often shaped and coloured to match the patient’s leg. Shanks come in two varieties, 
endo-skeletal and exo-skeletal which are shown in Figure 7. 
 
Figure 7: Prosthetic shanks. (a) Endo-skeletal Shank (American Prosthetic Components, Inc), (b) Exo-
skeletal Shank (Winkley Orthotics & Prosthetics) 
Endo-skeletal Shank: Endo-skeletal shanks have a central support structure called 
the pylon, which is mass produced. There are screws on the pylon that allow slight 
alterations to the tilt in the frontal and sagittal planes, increasing comfort and ease 
of walking. These shanks are usually given a cosmetic cover. 
Exo-skeletal Shank: Exo-skeletal shanks are custom made of a rigid material, usually 
plastic or wood, and are shaped and contoured to look like the patients remaining 
limb, but often fail to achieve this. Positives of these shanks include durability and 
low cost. 
Both varieties of shanks can incorporate shock-absorbing units and transverse 
rotators to absolve twist strain from torso motion, reducing the strain on the 
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residual limb. These shock absorbers are especially beneficial for those who walk 
rapidly.  
Socket 
Possibly the most important part of the prosthesis is the socket as it contacts the 
patients residual limb. May (1996) states that Patellar Tendon Bearing (PTB) socket 
is the standard socket for transtibial amputation which is still commonly seen today, 
often made from a laminated plastic. The patella tendon bears the majority of the 
weight as it is relatively insensitive to pressure while the distal end of the socket 
may contain soft foam to ensure total contact. Most transtibial prostheses combine 
an insert with a liner or sheath and usually worn with socks, some of which are 
shown in Figure 8. 
 
Figure 8: (a) Customised Transtibial Socket (SleeveArt), (b) Prosthetic Sock (Regal), (c) Transtibial 
Liner (STEPLINE Plus), (d) PTB Strap Suspension (WBC Industries) 
Shown in Figure 9, recent advancements that aim to improve the comfort and fit of 
prosthetic sockets include vacuum suspension sockets such as the Dynamic Vaccum 
System (DVS) by Ottobock (2016) and Blatchfords Endolite suction system. Another 
means of securing the socket to the patent comes from Click Medical’s RevoFit 
system (2016) for allowing micro adjustments of tightness to be made via the Boa 
reel technology. A US patent filed by Ezenwa (2008) discusses a dynamically variable 
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socket that uses viscus liquid flow to adjust the areas of pressure upon the residual 
limb within the socket.  
 
Figure 9: Advancments in socket technology: (a) Ottoback DVS (b) Blatchfords Endolite (c) Click 
Medical Revofit Boa reel 
Socks: Edelstein and Moroz (2011) explain how most patients wear one or more 
socks along with an insert. Manufactured in various sizes to fit limb circumferences 
and lengths, these socks allow patients to adjust the fit of the socket. Socks are 
made of cotton or wool. There is also a two part sock consisting of a nylon interior, 
minimising friction on the residual limb and an outer acrylic fibre and wool sock for 
cushioning the limb and resilience. 
Insert: According to May (1996), socket liners are often made of a soft polyethylene 
foam or silicone gel. Edelstein and Moroz (2011) explain that if the sockets interior 
needs to be altered with additional material the insert helps to smooth over the 
interior, reducing discomfort. The insert is mainly used with a patient’s first 
prosthesis, but for subsequent prostheses the insert is optional. While some 
patients opt to continue wearing the insert, others dislike the added bulk. Those 
who live in hot or humid climates experience discomfort from the inserts heat 
retention. May (1996) adds that these inserts will wear over time. 
Liner: Some manufacturers offer liners, or sheaths, to reduce skin abrasion and in 
some cases contribute to suspension. Usually made of silicone, urethane or mineral 
oil based gel; the liner evenly distributes pressure on the residual limb. While Liners 
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offer better suspension and more comfortable walking, patients often complain of 
itching, perspiration, rashes and odour. 
Suspension: Suspension prevents the prosthesis from slipping off the residual limb. 
They are especially useful for the swing phase of walking and climbing stairs and 
ladders, situations when the prosthesis is not on the ground. 
2.2.5 Current Socket Manufacturing Method 
Seymour (2002) describes the conventional method for producing prosthetic 
sockets. After measuring the length and circumference of the residual and healthy 
limbs the prosthetist will create a cast of the residual limb using wet plaster 
bandages. This negative mould is filled with more plaster to create a positive mould 
of the patient’s residual limb. At this point the prosthetist will remove or build up 
areas of material to relieve or increase the sockets pressure upon specific areas of 
the patient’s residual limb. Plastic is then formed over this positive mould before 
being trimmed and finished to form the patient’s socket (Figure 11). During 
research visits to various clinics in the UK by the researcher, a first-hand example of 
a negative mould of a patient was witnessed, as shown in Figure 10. 
 
Figure 10: (left) Positive mould of transtibial patient pre marking. (right) Positive mould of a 
transtibial amputee's residual limb witnessed during a clinical visit. The prosthetist has marked the 
areas where additional material should be added (+) and where material should be removed (-). 
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Another method of forming the socket is shown in series of videos by Expert Village 
(2008). A PCV plastic bag is stretched over the positive mould, followed by layers of 
carbon fibre and nylon. Once these have been applied, a second PVC bag is 
stretched over the carbon fibre and nylon layers to be used as a guide for 
lamination. The vacuum hose inside of the bag aids the prosthetist in drawing the 
epoxy acrylic resin down over the positive mould and saturating the other layers of 
material between the bags. The top layer can be wrapped with a material layer 
before being covered in transparent resin, creating a personalised look (). A 
common step is to first mould a transparent test socket to check if the parent’s limb 
is being properly supported and contacting the socket in the correct places. An 
example of a transparent test socket is shown in Figure 13. 
 
Figure 11: Test socket being draped, witnessed on a clinical visit. 
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Figure 12: Various fabrics for the final layer of lamination witnessed on a clinical visit 
 
 
Figure 13: Transparent test socket witnessed during a clinical visit. There are strips of carbon fibre to 
aid support. 
May (1996) provides information of how gait analysis is conducted on transtibial 
amputees wearing a prosthetic. Gait analysis is best done when viewing the patient 
walking from both the anterior/posterior (AP) and the Lateral (prosthetic side) 
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points of reference. The patient should exhibit a smooth, step over step walking 
pattern with minimal trunk sway and symmetrical arm movement.  
 
- Initial Contact: observed from the lateral view, a slight flex in the knee is 
expected while the ball of prosthetic foot no more than 40mm from the 
floor. 
- Initial Contact to Foot Flat: observed for the lateral view, the knee should 
flex between 10° - 15° and the trunk should remain balanced. 
- Midstance: observed from the AP view, the pelvis and upper body 
remain balanced with no more than 25mm of head or trunk sway 
towards the prosthetic side. The gait base should be no more than 
50mm wide with the shank perpendicular to the floor and the foot flat 
on the floor. 
- Midstance: observed from the lateral view, knee is flexed 10° - 15° and 
the foot is flat on the floor. 
- Midstance to Toe Off: observed from both the AP and lateral view, 
weight should progress smoothly with minimal head, trunk or pelvic 
sway. The knee should also flex smoothly and there should be no more 
than 50mm between the feet. 
- Swing Phase: observed from the lateral view, the knee should flex easily 
to allow the toe to clear the floor. The socket should remain secure and 
the stride length is equal on both sides. 
- Swing Phase: observed from the AP view, the shank and foot should 
remain in line and the pelvis should remain level. 
 
2.3 Additive Manufacture 
It is intended that additive manufacture will be used to produce the future next gen 
prosthetics outlined in this research. Because of this some introduction to current 
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AM technologies is required, as well as research into advances in the field. Some 
exploration of its use in prosthetic manufacture and prosthetic research is also 
covered.  
The American Society for Testing and Materials (ASTM) (2013) published standard 
F2792-12a, Standard Terminology for Additive Manufacturing Technologies. The 
standard defines AM as:  
“A process of joining materials to make objects from 3D model data, usually layer 
upon layer, as opposed to subtractive manufacture methodologies.” (ASTM 2013, pg. 2) 
The standard also defines the categories of the various AM processes along with a 
glossary of terminology relating to AM. The categories are as flows:  
“Binder Jetting; an additive manufacture process in which a liquid bonding agent is 
selectively deposited to join powder materials.” (ASTM 2013, pg. 1) 
“Directed Energy Deposition; an additive manufacturing process in which focused 
thermal energy is used to fuse materials by melting as they are being deposited.” 
(ASTM 2013, pg. 1) 
“Material Extrusion; an additive manufacturing process in which material is 
selectively dispensed through a nozzle or orifice.” (ASTM 2013, pg. 1) 
“Powder Bed Fusion; an additive manufacturing process in which thermal energy 
selectively fuses regions of a powder bed.” (ASTM 2013, pg. 1) 
“Sheet Lamination; an additive manufacturing process in which sheets of material 
are bonded to form an object.” (ASTM 2013, pg. 1) 
“Vat Photopolymerization; an additive manufacturing processin which liquid 
photopolymer in a vat is selectively cured by light-activated polymerization.” (ASTM 
2013, pg. 1) 
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2.3.1 Vat Photopolymerization 
Liquid based AM involves forming a solid by selectively curing regions of 
photosensitive polymers. These liquid based technologies, notably 
stereolithography, pioneered rapid prototyping, and are advantageous for 
prototyping due to their superior accuracy and definition in comparison to other 
processes.  While the appearance of parts produced in this way are similar to 
injection moulded parts, the material properties of photo cured parts are poor in 
comparison to other processes as aging and exposure to sunlight causes continued 
curing which can severely affect the mechanical properties and appearance of the 
part. 
Stereolithography (SLA)   
 Widely considered to be the founding process of rapid prototyping, patented by 
Chuck Hull in 1986 and commercialised by 3D systems in 1987, stereolithography 
works by using an ultraviolet (UV) laser to trigger the curing reaction of photo 
curable resin. The laser is driven by a CAD file and selectively cures the surface of a 
vat of resin that solidifies onto a platform. The platform is then lowered, usually by 
100 to 150 μm, and a fresh layer of liquid is deposited over the previous layer. The 
laser then scans the next layer and bonds it to the previous one. The software 
generates support structures either automatically or defined by the machine 
operator when the build creates an overhang. This is then removed once the part is 
completed. The part is then removed from the machine when the build is 
completed and post processed in a UV or thermal oven to cure any resin that was 
not fully cured during the initial photo polymerisation process. 
2.3.2 Powder Bed Fusion 
Powder based systems are more suited to rapid manufacture then their liquid based 
counterparts due to the material properties and stability of the parts they produce. 
Powder based systems have a wide range of material possibilities. Polymers, metals 
and ceramics are all currently available on commercial systems. The powders can be 
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combined and due to the layered nature of the process, creating the possibility for 
functionally graded materials that could increase functionality of rapid 
manufactured components.  
Selective Laser Sintering (SLS) 
Invented and patented in 1979 by Ross Householder, selective laser sintering (SLS) 
was not commercialised until the late 1980’s following the work of Carl Deckard at 
the University of Texas at Austin. Following this, the DTM cooperation was formed 
and they commercialised a machine in 1992 whilst continuing to develop the 
technology to allow processing of various polymers as well as ceramics and metals. 
The EOSINT machine was released by EOS GmbH in 1994 and continues to hold a 
share of the market to this day. 
The process shares many similarities to stereolithography, the difference being that 
the raw powder material is melted, or sintered as the name suggests, by a laser that 
scans the surface of a powder bed to create a solid layer. A fresh layer of powder is 
then applied to the top of the bed, usually 100μm thick. The next 2D profile is 
traced, building it on top of the layer below. While the 3D part is built, the powder 
that is not fused acts as support material, removing the need for support removal in 
post processing. 
The powder bed is heated prior to the laser scanning during the selective laser 
sintering process. This brings the temperature of the powder to a few degrees (°C) 
below the sintering temperature. This is enabled using by infrared heaters, reducing 
the thermal gradients between sintered and non-sintered powder as well as 
reducing the energy the laser requires to sinter the powder. High crystalline 
polymers are sintered by raising the powder temperature to the melt temperature 
with the laser. This creates a good bond between particles, producing parts with 
good mechanical properties. Amorphous materials on the other hand do not have 
sharp melting points, where the material goes from a solid to a liquid state in a 
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small temperature range, so they are raised to the glass transition temperature by 
the laser. This produces weaker parts than those sintered at the melting 
temperature. These parts have been used as patterns for investment casting, but 
the low strength of amorphous parts restricts their potential use in AM applications.  
DTM applied the concept of using coated powders to metals allowing a selective 
laser sintering machine to produce powder metallurgy steel parts in the green state. 
These parts are then placed into a furnace during post processing to burn away the 
polymer binder, sinter the steel particles and infiltrate the porous parts with bronze. 
This is mainly aimed at producing parts for tooling, but there is potential for rapid 
manufacture of end use products. 
Selective Laser Melting (SLM) 
Liou (2008) introduces selective laser melting (SLM) as a process which is very 
similar to SLS. While the equipment is very similar, it utilises a much higher energy 
density to melt the powders. Due to this, prototypes produced in this manner have 
a true density comparable to final parts manufactured from the same material. 
Materials that may be used in this process include zinc, bronze, stainless steel and 
tool steel. Further research is looking into producing the necessary microstructures 
some alloys require with this process.   
2.3.3 Material Extrusion 
Since the conceptualisation of the rapid prototyping industry in the late 1980’s, 
processes that use a solid raw material that is non-powder have been integral. 
Despite being commercialised for some time improvements to the process are 
continually introduced by suppliers and academics worldwide. 
Fused Deposition Modelling 
 Stratasys first commercialised FDM in 1991, with the patents awarded to company 
founder Scott Crump in 1992. Parts are created by extruding material, usually a 
Literature Review 
 
 
 
 
41 
 
 
thermoplastic, through a nozzle that moves on the x-y axes to create each 2D layer. 
Separate nozzles extrude and deposit the material for the part and the support 
material. The nozzle size limits the possibilities for resolution and accuracy. The 
nozzle diameter is usually 0.3mm and build speed is reduced by the nozzles need to 
physically traverse the build area. The support materials can be manually removed 
or water soluble supports can be dissolved. This approach is invaluable for parts 
with complex geometries. 
FDM can produce parts in a number of materials including polycarbonate, 
polyphenyl-sulfone and, most commonly, acrylonitrile butadiene styrene (ABS), but 
the simplicity of the process should allow for a wide variety of thermoplastic 
polymers to be used for AM in the future. Some applications of FDM rapid 
manufacture include military gun mounts and pill dispensing pharmaceutical 
hardware.  
2.3.4 Material Jetting 
Material jetting can be described as being similar to an inkjet printer. Material is 
placed in either a continuous or Drop on Demand (DoD) manner.  The print head 
deposits horizontally before it is cured by an ultraviolet light. Currently the 
materials available to this approach are limited to polymers and waxes. Bryden 
(2014) explains that Jetting processes use multiple print heads to provide both the 
support material and the print material and material is only dispensed where 
required. 
Stratasys Objet Connex Series 
Stratasys website (2013) has a catalogue page listing their design series 3D printers. 
Under this umbrella comes the Objet Connex line that consists of the 260, 350 
shown in Figure 14, 500 and 1000 models. Objet Connex technology works by 
jetting two polymer materials into different combinations to create a range of 
material properties of varying shore harnesses. These combinations can be formed 
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with two different rigid materials, two flexible materials, one of each type and any 
combination of the transparent materials as well as using two of the same materials. 
An example of a multiple material part is shown in Figure 15. Bryden (2014) 
describes the Objet support material as a gel which can be removed with either a 
water jet or by hand. Soluble support materials have recently been made available. 
 
Figure 14: Objet Connex 350 3D Printer 
 
Figure 15: Multi material part made on the Connex 
Engatech (2011) expand with their explanation of Objet 3D printing technology. 
After a layer of the polymer material is jetted it is immediately cured using UV light, 
meaning the fully cured parts can be handled as soon as printing is complete. The 
support material used is a gel like substance that was specially designed to support 
complex geometry. The machines print in 16μm layers allowing for small precise 
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details where necessary. As with most 3D printers support materials are laid down 
to help produce parts with cavities. This support material is the washed away with a 
water jet. 
More recently the Connex3 line of material jetting printers has been released by 
Stratasys (2017). The systems under this line are multiple material multi-colour AM 
machines with the same 16μm layer resolution as other Connex systems. These 
systems offer a soluble support material for ease of post processing. The materials 
offered for these systems have various mechanical properties, including High 
temperature resistant materials, bio-compatible materials and ‘Simulated 
Polypropylene’, as well as the ‘Digital ABS’ and rubber like materials available for 
other Connex systems. The systems can also produce “smooth three colour 
gradients”.  
Objet Studio 
Objet studio allows STL files to be imported as individual parts or as assemblies. 
Individual parts can be assigned a material based on the machine being used, but 
for a multiple material part the STL’s must be imported as an assembly. In order for 
an assembly to be imported successfully, all of the STL files must have been built in 
CAD around the same coordinate system. 
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Figure 16: Screenshot of Objet Studio defining a multiple material part – Miller (2014) 
Once an assembly has been imported into Objet studio the different shells can be 
selected and the material assigned to it altered. Once all materials are defined the 
user ‘Places’ the parts onto the bed, the positioning can be altered if the user 
desires. Once all the parts are place the user selects ‘Build’ and the system prepares 
the part for manufacture. Slicing and defining the arrangement of support material 
is done behind the scenes. A screenshot of objet studio can be seen in Figure 16. 
3D Systems ProJet MJP Series 
3D Systems (2014) has a line of 3D printers known as the Projet Multi Jet Printing 
(MJP) Series, an example of which is seen in Figure 17. They boast that the MJP 
family of 3D printers deliver high resolution models of injection moulded quality. 
This machine prints in a line of VisiJet materials that are available in a range of 
opaque and transparent options, numerous colours and either rigid or elastomeric 
options. A part printed using an MJP series machine is shown in Figure 18. The 
machine can produce multiple material parts using a mix of the various types of 
VisiJet materials. Bryden (2014) notes that the 3D Systems MJP series support 
material is a wax. 
Literature Review 
 
 
 
 
45 
 
 
 
Figure 17: Projet MJP 2500 
 
Figure 18: Multi material camera printed on the Projet - Accucode 3D, (2015) 
One possible issue that can be encountered with these processes is that material 
information must be specified on the machine and not within the CAD environment. 
This means that the designer has to verbally communicate the materials for each 
part shell to the individual running the AM system verbally. If the designer is a 
customer contacting a service bureau, this information will likely be communicated 
via email or over the phone, which creates room for human errors and 
misunderstanding that would be avoided if the designer could specify the necessary 
data within the CAD model itself. To seek solutions to this issue the research 
community was looked to, to see how peers are specifying material information 
within their own emerging AM systems.  
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2.3.5 Emerging AM Research  
Chiu and Yu (2008) present their methodology for producing Functionally Graded 
Material (FGM) prototypes via the binder jetting process. By using computer aided 
engineering (CAE) analysis, they were able to determine the mechanical information 
of a FGM object before converting this mechanical information into the colour 
information, the existing output data format that the Zcorp 3D printer already uses. 
This eliminated the need for producing a new data format for producing FGM 
objects with the Zcorp printer. 
To produce the FGM objects, the binding fluid used by the Zcorp printer was diluted 
to different concentrations. This avoided the need to modify the current building 
mechanism of the machine but the range of change in binder concentration was 
limited, making FGM parts with a wide range of change in their various mechanical 
properties impossible to produce with this system. Another problem the authors 
found was that changing binder concentration also changed the viscosity. This could 
result in poor process performance such as clogging of print nozzles and unstable 
generation of binder droplets, affecting the end quality of the prototypes. The 
authors state that if the aforementioned issues can be overcome in further research, 
the proposed methodology could be useful in production of FGM objects.   
Kou and Tan (2009) discuss their method of producing heterogeneous objects via 
3D printing. Initially developed as a plug in for Solidworks, they proposed a selective 
boundary information algorithm in previous research that has since successfully 
been implemented into the CAD4D package, creating a standalone heterogeneous 
object modeller. 
To test their algorithm, they produced a few test pieces using Z Corporation’s 
proprietary binder jetting system. Heterogeneous models produced in their CAD 
system contain both material and geometrical information. These models are 
converted into Virtual Reality Modelling Language (VRML) files which contain only 
the necessary boundary faces needed for the planar slicing process. The information 
is the fed to the 3D printer that produces the parts. 
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Choi et al (2011) state “most systems are designed to build parts out of single 
materials, but there may be advantages derived from building parts out of multi 
materials.” This led to the design of the Multi Material Stereo Lithography (MMSL) 
machine. The machine consists of a manufacturing centre and a control centre. The 
manufacturing centre retains the optical system, laser and rim assembly of the 
donor 3D Systems 250/50 SL machine. The researchers then developed a rotating 
vat carousel, holding four vats on a rotary stage. The control system houses an 
automatic levelling system, the controller for the mechanism of a 3D Systems 
250/50, a LabVIEW program for overall process control management, a scanning 
mirror controller and a signal conditioning module. 
While the machine does offer a number of production benefits, the authors go on 
to discuss some of the issues that currently prevent the technology from being 
commercially viable. The first issue they encountered was laser shadowing, the 
laser beam being physically blocked by a previously built part. To resolve this issue 
the process planning algorithm should ensure parts are built from the inside out, 
determining any geometric constraints. 
Trapped volumes, parts that cannot be reached by the laser regardless of 
orientation were resolved by part splitting. This solution however introduced a new 
problem; the unequal surface energies would occasionally produce uneven 
interfaces between parts, similar to problems found in early SL parts due to the 
effects of surface tension. 
While the system as a whole needs further investigation the authors were able to 
produce a series of complex parts, proving that the MMSL has the potential to 
become a successful, commercially viable multi material AM system.Espalin et al 
(2014) introduce their prototype for a ‘Multi Material, Multi Technology Fused 
Deposition Modelling (MMMT FDM)’ system. The machine was produced using 
Stratsys’s FDM 3000 and 2000 machines as donors, programmable automation and 
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central PC. A pneumatic slide moves the build between extrusion heads. Two 
adjustable end stops configure the slide via magnetic solid state switches. 
The systems GUI was produced with National Instruments LabVIEW, named 
‘FDMotion’ which allows the user to control the pneumatic slide, each of the 
extrusions and send pathing commands to the MMMT FDM system. 
Espalin et al conclude that while the system successfully demonstrates the ability to 
fabricate ABS-ABS parts, much more research is required with the system. The 
system needs to improve the aesthetics and surface finish of the end prototype, 
processing time and part accuracy. 
Muller et al (2013) present a process for direct laser powder deposition, paying 
particular attention to powder distribution. The system uses a coaxial powder feed 
system and a fibre laser mounted on a five axis machine. The powders are provided 
by two separate feeders. The system injects these powders into the path of a high 
powered laser, partially melting and bonding both the surface and the powder. 
To test the system, the authors manufactured test parts on a 5mm thick steel 
substrate. Each powder feeder contained two different elemental metal powders, 
the composition of which is altered by controlling the powder flow rates. The parts 
consisted of 0.8mm thickness walls with a 15mm height and 90mm in length. The 
material gradient runs perpendicular to the z-axis. 
Muller et al intend to conduct further research into manufacturing FGM parts. The 
existing process will be used to compare manufacturing strategies for complex 
material distribution.   
2.3.6 Use in Prosthetic Manufacture 
Jin et al (2015) reviewed AM for a number of custom prosthetics and orthotics. In 
the fourth chapter of their paper they focused on creating prosthetic sockets in the 
last 25 years.  They discuss how AM is capable of fabricating prosthetic sockets of 
good fit and adequate strength however there are a number of clinical, 
technological and financial barriers that prevent wide spread adoption. Aherwar et 
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al (2014) conducted a review of rapid prototyping and rapid tooling techniques for 
fabricating prosthetic sockets. The conclusion of their work gave two points 
relevant to this work: 3D printing may be used to manufacture prosthetics that 
patients find comfortable and FDM as a process has been clinically proven as viable 
for producing prosthetic sockets. All of the sockets reviewed by the authors bar one 
consisted of single polymer constructions produced by VP or PBF, only Sengeh and 
Herr (2013) explored multiple material applications using the Objet Connex. 
 
Figure 19: Multiple material prosthetic socket - Sengeh and Herr (2013)  
Figure 20 shows a selection of AM prosthetic sockets from various research outputs. 
(a) Shows a nylon 12 single material socket manufactured via powder bed fusion by 
Ojeda et al (2015). The intention of this work was to replace the test sockets used in 
the clinical assessment process; with a view to eventually replacing convention lay 
manufactured prosthetic sockets. A patient was shown to be able to safely walk 
around a prosthetic rehabilitation room unaided for a number of minutes on this 
socket. 
(b) Shows another AM socket by startup company Trifusion Devices (2016). The 
company was founded “to produce customizable 3-D-printed prosthetics” and they 
boast that they can design, manufacture and print a socket in 48 hours. These 
sockets are printed using Essentium’s PLA filament. 
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Figure 20: A collection of AM prosthetic sockets from various research outputs. (a) Ojeda et al (2015) 
(b) Trifusion Devices (2016) (c) Doubrovski et al (2014)  (d) Madinger (2014) 
(c) Doubrovski et al (2014) used bitmap printing coupled with the Objet Connex 
series high resolution multiple material AM to produce this socket. This work would 
not be possible with conventional CAD and AM, and the authors imply 2new CAD 
workflows must be developed in order to enable designers to harvest the 
capabilities of AM.” 
(d) Through a combination of various CAD approaches Madinger (2014) created an 
artificial transtibial amputation to use as a basis for this socket. Creating models of 
the bone and the residual limb, a Python algorithm was used to colour the surface 
of the residual limb in relation to its distance from the bone, red for close grading to 
green for far. This was used to split the surface that would make up the socket, 
before it was thickened and converted to a collection of STL shells. This socket was 
the printed on an Connex 500 AM system. 
The Ohio Willow Wood Company (2017) developed OMEGA, formerly known as 
TracerCAD. OMEGA is a CAD system specifically tailored to prosthetists and 
orthotists, designed to replace the plaster modeling stage of the clinical process.  
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Figure 21: (a) Omega Scanner 3D, (b) Omega Structure Sensor, (c) Omega Tracing Hardware – Ohio 
Willow Wood Co. (2017) 
As seen in Figure 21, patient geometry is scanned with the company’s proprietary 
hardware; the OMEGA Scanner 3D, OMEGA Structure Sensor or the OMEGA Tracing 
Hardware. The OMEGA Scanner 3D is “a non-contact device for orthotic and 
prosthetic applications”. The OMEGA Structure Sensor is “a lightweight, non-
contact device that may be attached to an iPad for prosthetic applications. The 
OMEGA Tracing Hardware “allows for internal tracing of sockets or casts and hands 
on tracing of residual limbs”. 
 
Figure 22: Screenshot of a residual limb being worked on in OMEGA – Ohio Willow Wood Co. (2017) 
Once the patient geometry is scanned into the system the user can then modify the 
geometry by building or carving. The software can also be used to shape test 
sockets. The user can customize the order of the tools to suit how they work, and 
any modifications made are colour coded, red for reductions and blue for additions 
(Figure 22). 
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While this software focuses more on creating an image of the residual limb for 
conventional socket manufacture, a number of the features shown could be 
desirable in future stages of research, such as the ease of generating and importing 
patient geometry when coupled with the hardware. 
Discussion with prosthetists during later stages (Appendix I.V.III) of research 
revealed that OMEGA produces parts via other methods of Computer Aided 
Manufacture (CAM), not AM. Shown in Figure 23, on a clinincal visit the result of a 
cast made using RODIN 4D (2016) was witnessed. This cast was made via CAM 
milling. 
 
Figure 23: Positive cast made via RODIN 4D CAD software. Witnessed on a clinical visit 
As is widely known in the field, most AM technologies require some form of CAD 
data to interface with the machinery. With this in mind some background on CAD 
file types is required, along with exploration into existing CAD research that could 
facilitate the research aims. 
2.4 File Types  
The following is a brief introduction to some of the file types used in medical 
imaging and CAD.  The intention of the future CAD system is to be able to read and 
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translate medical scan data into a 3D model of patient geometry. For this reason 
some exploration into CT and MRI as well as existing software that converts these 
medical imaging files to CAD geometry was also undertaken. Sweat mapping 
research is also introduced due to its significance in the later stages of research. 
2.4.1 Medical Imaging Files 
DICOM Files  
 Bibb et al (2015) give an introduction to the Digital Imaging and Communications in 
Medicine (DICOM) file type. Computed Tomography (CT) or Magnetic Resonance 
Imaging (MRI) will create a series of sliced pixel based images, which will output 
their data in the DICOM format for communication with third party software. 
The DICOM format was first established in 1985 by the American College of 
Radiology (ARC) and National Electrical Manufacturers Association (NEMA) standard; 
later updated in 1988. The third version published in 1993 was the first version 
where the format was officially named DICOM and the standard now covers all 
kinds of medical images alongside other data (patient name, reference number, 
dates etc.) 
The DICOM standard (ISO 12052) enables medical images to be transferred to and 
from software and scanners from various manufacturers. This aided in developing 
picture archiving and communication systems (PACS). 
Data manipulation software that allows the import of DICOM files normally 
facilitates automatic import of data. Automatic import can require the user to have 
some knowledge of the scan parameters such as anatomical orientation. 
3D Point Cloud Data 
Bibb et al (2015) also describe 3D point cloud data. Data captured via non-contact 
surface scanning is presented as a 3D point cloud, a large collection of point 
coordinates, usually ranging from hundreds to thousands, in the 3D space. This data 
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is most commonly converted to a polygon mesh in the Stereolithography (STL) file 
format. Some modern non-contact surface scanners will export data direct to STL, 
omitting the point cloud altogether. Some noise cleaning and file size reducing 
techniques can be applied directly to a point cloud before conversion to reduce 
errors and present a more useful and accurate set of data.  
Sweat Mapping 
Taken from the work of Smith and Haternith (2011), sweat mapping is done by 
attaching patches of porous material to a subject and subjecting them to some form 
of exercise in a controlled environment to promote perspiration.  These patches are 
removed and then weighed to assess the amount of sweat produced by the body 
(Figure 24). In the tibia region the sweat map is divided into 3 sections, the interior 
and exterior of the shin from ankle to knee on the front of the leg and the entirety 
of the calf and soleus muscle area on the back of the leg. This would mean that a 
user would need to complete three iterations of this stage to create a completely 
breathable socket. 
 
Figure 24: Example of a sweat map – Smith and Havenith (2011) 
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Interfacing Medical Scan Data with CAD and AM 
With the introduction of medical scan data and its importance in later stages of 
research, some attention must be paid to how medical scan data can be converted 
into a form that a CAD system can interoperate it. 
 
Figure 25:  Basic process order of taking medical scan data through CAD to producing an AM result 
At the time of writing, most conventional means of medical scan data such as CT 
and MRI cannot be interpreted directly by CAD systems (Figure 25). To resolve this a 
number of intermediate software programs have appeared in recent years, either 
generating a 3D model from the medical images or utilising the STL file format to 
convert scan data into triangular meshes that can be read by most available CAD 
systems (Figure 26). 
  
Figure 26 - A more detailed example of how various scan data can be translated to interface with 
CAD 
Mimics, developed by Materialise (2014) is software specifically created for medical 
image processing. The software segments 3D medical images such as CT, MRI and 
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3D ultrasound to create highly accurate 3D models of patient anatomy as shown in 
Figure 27: Data conversion from CT to STL file. Data can be exported as a series of 
polylines in IGES format or in 3D as STL files. These models can then be exported for 
use in other software such as CAD or FEA packages.  Other software performing 
similar functions is available, such as InVesalius (2015). 
 
Figure 27: Data conversion from CT to STL file 
Geomagic Studio (2014) enables users a simplified method for creating custom fit 
medical devices. CT scan data of the human skeleton as well as other 3D scan data 
of the human body shape can be imported into the software, aiding designers in 
building products around a patient’s individual requirements. 
The methods these bridging software packages provide could be useful examples to 
build a system around; after all, it is desirable to be able to import patient geometry 
directly into the proposed CAD system rather than adding an additional pre-
processing stage. 
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2.4.2 Current CAD File Types 
STL Files 
Burns (1991) tells how a STL file is a tessellated representation of 3D surface 
geometry. 3D Systems is the name of the company that developed and published 
the STL format in 1987 for converting 3D CAD models for use in Stereo Lithography 
Apparatus (SLA). 
 The files are generated from a CAD model using the process of tessellation, using 
triangles to approximate the model. Each facet is generated by a unit normal, a line 
perpendicular to the triangle with a length of 1.0, and three vertices. These values 
are specified by three co-ordinates for the unit normal and the three vertices, 
meaning each facet consists of 12 numbers. The orientation of a facet is defined by 
the direction of the normal, which always points outwards, and the order of the 
vertices, usually positioned anticlockwise about the normal when the facet is being 
viewed from the outside. 
The vertex-to-vertex rule states that each triangle must share two vertices with its 
adjacent triangles; a vertex of one triangle cannot lie on the side of another. The 
following three points derived from the vertex-to-vertex rule allow a user to decide 
whether a solid model is valid: 
- The number of faces must be even 
- The number of edges must be a multiple of three 
- Twice the number of edges must equal three times the number of faces 
STL files can have two formats, either ASCII (Figure 28) or Binary (Figure 29). ASCII is 
larger than binary format but is readable and can be modified by a text editor if 
required. 
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Figure 28: STL ASCII format 
 
 
Figure 29: STL Binary format 
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In Figure 29 the {…}+ notation means the content of the brackets can be repeated 
one or more times. The attribute byte count should be set to 0. 
Kai et al (1997) noted that with the development of rapid prototyping technology, 
the limitations of the STL format have begun to stand out more and more. The STL 
format is not very information rich compared to NURBS for example. STL files 
require thousands of triangles to represent a model whereas the few splines of 
NURBS surfaces represent it in a much smaller mathematical format. 
Zhou et al (2004), Zhu et al (2011) and Doubrovski et al (2014) all make comments 
on the redundancies of the STL file format for representing graded materials, as all 
three groups agree that STL only has the capacity for approximately representing 
geometric information. Zhou et al (2004) recommend the STEP format in place of 
the STL format, due to STL files occasionally losing topological information, the 
generally large file size and the representation approximating the object’s boundary. 
Zhu et al (2011) developed a piece of software that can colour STL files, allowing the 
user to select and alter the colour of each triangle in the mesh. This method allowed 
them to represent the different material information in their heterogeneous objects. 
Doubrovski et al (2014) point out how in recent years steps have been taken to 
define a standardised format for representing heterogeneous objects. 
2.4.3 Emerging File Types 
AMF (STL 2.0) Files 
Hiller and Lipson (2009) propose a new file format called Additive Manufacture File 
(AMF). The AMF framework is intended to be simple, flexible and extendable. The 
information is stored in standard XML format, due to its rich host of tools for 
creating, viewing, manipulating and storing files. This format allows programmers to 
code low-level native parsing/storing routines. Like STL ASCII format, XML is also 
text readable, allowing debugging of file errors. AMF does not allow storing 
separate binary and ASCII formats, instead opting for purely storing data in ASCII 
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XML. The file can then be compressed in post processing if the user desires, with 
the format’s highly optimised standardised compression routines, creating small file 
sizes without needing multiple parallel file specifications. 
Another advantage that the XML architecture provides is flexibility. If the document 
conforms to the XML standard then missing or additional parameters will not cause 
an error for the machine compiler. This allows new features to be added without 
updating older versions of the compiler. 
 
Figure 30: AMF's various means of representing a model; (a) single material STL like, (b) Multiple 
material part, (c) Graded material part, (d) Lattice part 
By building on the existing STL format, AMF only includes four new top-level tags, 
and the only one of these tags that must be included is the <object> tag. 
<Object> the object tag defines a region or multiple regions of material. 
Each object tag is assigned a material ID for printing. 
<Constellation> the constellation tag combines objects and other 
constellations into a relative printing pattern. If no 
constellation tags are specified, the object tag will be 
imported with no position data. 
<Palette> the palette tag defines one or more named materials for 
printing with an associated material ID. If no palette tag is 
included, a single default material is assumed. 
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<Print> the print tag specifies which constellations and/or objects to 
print and it is an only necessary if multiple constellations or 
objects introduce ambiguity as to how many of each to print.  
Shapeways blog user Duann (2011) provides some simplified explanations of the 
finer elements in the AMF format. Like STL, AMF still uses triangles to specify 
geometry, but AMF allows curved triangles, which produce smoother models 
(Figure 31). These curved triangles and edges can be optionally specified to reduce 
the number of mesh elements needed to describe a curved surface. This curvature 
information has been shown to reduce the error of a spherical surface by a factor of 
1000 versus the same surface described by the same amount of STL’s planar 
triangles. 
 
 
Figure 31: AMF curved triangles - AMF (2011) 
AMF also accepts colour and texture information, which can be inserted into the 
material, object, volume, vertex or triangle levels, with the triangle level taking the 
highest priority and material being the lowest priority. Texture data takes the form 
of either a 2D or 3D array; this depends on whether the colour or material data is 
being applied to a surface or a volume. This data is represented by a string of bytes, 
one byte per pixel specifying the greyscale level in the range of 0 – 255. (Figure 30) 
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AMF allows users to specify mixed materials, graded materials, lattice materials and 
random materials all in one file. This would be incredibly useful on an Objet Connex 
machine for example as the hardware allows users to mix and combine material 
properties. 
Via the <composite> tag new materials can be formed from a composition of other 
materials. Composition can be defined as either a constant or a formula dependent 
on x, y and z coordinates, constant mixing proportions provide homogenous 
materials whereas coordinate dependent compositions produce graded materials. 
By utilising more complex coordinate dependent proportions, non-linear material 
gradients can be produced. 
Print constellations allow users to specify orientation of objects to increase the 
efficiency of packing large amounts of identical objects on to the build tray. The 
metadata for AMF allows storage of name, texture description, authorship, 
copyright information and any other special instructions can be stored in the file. 
Grimm (2011) refers to Lipson’s concerns about the new format in his article on the 
Stratasys Blog. “As Hod pointed out, this is a bit of a chicken and egg story. To make 
AMF work, software has to export the file and 3D printers have to read it. But 
without files to import, hardware manufacturers may have little motivation to 
support AMF. On the other hand, without 3D printers that can read AMF, software 
developers don’t have any demand for this new format” 
ASTM International (2011) provides The Standard Specification for AMF format, 
version 1.1, F2915-12, which explains the <material> element in more detail. The 
section most relevant to this research is Section 7.4: ‘Porous Materials’: 
“References to materialid ‘0’ (void) can be used to specify porous structures. The 
proportion of void can be either 0 or 1 only. Any fractional value will be interpreted 
as 1 (that is, any fractional void will be assumed fully void)” 
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The first of AMF’s desirable features is its ability to describe volume, material, 
colour, textures, graded materials and lattices within the metadata of the file type. 
AMF also has the ability to represent curved geometric triangles, increasing the 
accuracy of curved surfaces in the mesh, reducing the number of triangles needed 
to represent the mesh and therefore reducing the file size. AMF is open source, 
backwards compatible with STL files and boasts significantly reduced file sizes in 
comparison to STL. Lastly the standard for AMF was published by ASTM in 2012. 
The major drawback of AMF is that it is struggling to find adopters. Lipson (2013) 
states three reasons he believes that AMF is struggling to find adoption; STL files 
are not sufficiently problematic to require a change and the amount of investment 
in legacy code will mean that they stay for as long as possible. As a consequence of 
this, equipment manufacturers are slow to adopt the idea of implementing AMF 
support. Lastly, the standard for AMF is not freely available to the public, but it is 
available to all of the equipment manufacturers. At the time of writing, not much 
has changed in terms of adoption, but SolidWorks 2015 has included limited AFM 
support. 
3MF 
3MF (2015) is a new 3D printing format that will allow design applications to send 
full-fidelity 3D models to a mix of other applications, platforms, services and 
printers. The 3MF specification allows companies to focus on innovation, rather 
than on basic interoperability issues and is engineered to avoid the problems 
associated with other 3D file formats. 
The desirable qualities outlined in the 3MF specification (2015) include the ability to 
fully describe a model whilst retaining internal information such as colour, materials, 
textures and various other characteristics. 3MF will be open source, compatible 
with STL and OBJ files, is human readable and boasts the potential for smaller file 
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sizes yet with more incorporated data. Notable companies such as Microsoft, 
Autodesk, Hewlet Packard and Shapeways have all committed to this format. 
The 3MF format is very early in development at the time of writing and may 
struggle to find support from manufacturers and the 3D printing community. 
2.5 Computer Aided Design 
 
The main area of exploration for this research is CAD. For this reason a detailed 
exploration of the history, current and future of CAD technology and research is 
required. Based on the keywords extracted in Section 1.2 research into methods of 
multiple material generation and porosity were explored. 
 
CAD involves creating two dimensional drawings or three dimensional models to aid 
in the design, manufacture and prototyping of parts and products. In this research 
study, the focus will be on the three dimensional geometry used for creating 
models used in AM. Scale is arbitrary within the CAD environment and units can be 
altered depending on the intended method of manufacture. All systems however 
will have a limit to the range of scale. For example, a scale model of a skyscraper 
could not support details that are in the mm scale or lower due to the complexity of 
algorithm required to resolve such geometry. The following section of the review 
lists the fundamentally different ways in which 3D shape geometry can be described 
in existing CAD software today.  
2.5.1 Current Technologies  
Boundary Representation 
A boundary representation (B-rep) model is a solid that has had its features divided 
into a collection of faces, edges and vertexes. Shown in Figure 32, the division gives 
the shape of each face a mathematical representation, lying on either a single 
planar, quadratic or parametric surface. The boundary curves of a face subdivide to 
form the Edges, as with most geometry, edges are defined by the intersection of 
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two faces. The vertexes are co-ordinate points that lie on the intersection of three 
or more surfaces. To guarantee that these subdivisions are valid they must satisfy 
certain topological criteria. 
 
Figure 32: Basics of Boundary Representation. (a) is the object, (b) is the face subdivision and (c) is 
the representation of edges and Vertices 
The shape topology of a boundary representation stores how the faces, loops, 
edges and vertices are connected. This information must be sufficient enough that 
the curves, surfaces and points that make up the shape geometry can still be found. 
Therefore, the data of a boundary representation consists of two data classes, 
topological and geometrical. 
Topological data is qualitative in nature and it is found via Euler operations. These 
operations create, manipulate and edit the faces, edges and vertices of a boundary 
model. Euler operations ensure the integrity of the boundary model as well as 
providing a mechanism to check the validity of the model. 
Geometrical data is quantitative, detailing the mathematical representation of 
surfaces and curves, the position of vertices, rigid motion and transformation, 
metric information, distances, angles, areas and volumes of the geometry formed 
by the model. 
The topology and geometry of a boundary representation cannot be separated 
entirely, both sets of data must be compatible or else an object full of errors and 
failed geometry could be produced as a result. 
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Schoonmaker (2003) describes boundary representation as the basic theory for 
constructing solid models based on edges, faces and surfaces. In their discussion of 
B–rep, Saxena and Sahay (2005) state that it is an extension of the wireframe 
modelling that includes face information. They go on to note how B-rep directly 
employs the Jordan’s Curve theorem on boundary determinism, which states that a 
closed, connected, orientable and non-self-intersecting surface determines the 
interior of a solid. 
Fudas and Stamati (2009) address how B-rep can capture almost any type of object, 
but does not have the capacity to capture design characteristics such as 
functionality and part relationships. To resolve this, B-rep is often used in 
combination with features and constraints to create these higher-level descriptions. 
Meshing 
Autodesk (2011) shares a few basics of polygons and polygon meshing. A polygon is 
a 2D planar shape with straight edges. The points where these edges meet are 
called vertices and there must always be the same number of vertex points and 
edges. The simplest polygon is triangular (tri), a four-sided polygon is a quadrilateral 
(quad) and more complex shaped polygons are known as N-gons (when N is the 
number of edges). 
Polygon meshes are 3D objects constructed by numerous tessellating polygons to 
form a 3D patchwork. A polygon mesh will be made up of three different 
component types: 1) points, the vertices that will likely be shared by multiple 
adjacent polygons in the mesh; 2) edges, the straight-line segments that connect 
adjacent polygons together; and lastly 3) the polygons themselves, the shapes that 
make up the tiles of the mesh. Edges that are not shared by multiple polygons form 
the boundary of the object formed by the mesh. 
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Polygons are classified by the number of edges or vertices and normals they have. A 
normal is a line perpendicular to a polygons surface. Tri’s and quads are the most 
commonly used polygons when modelling. The fact that tri’s must be planar are 
their biggest advantage whereas quads give better results when being used to 
subdivide surfaces. Polygons with sharp, acute angles and long thin polygons can 
obstruct the deforming process, giving poor results, so it is best to keep a model’s 
polygons similarly shaped with equal edges and angles for the best results. (See 
Figure 33 and Figure 34.) 
 
 
Figure 33: Poor mesh due to acute angles 
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Figure 34: Better mesh with equilateral triangles 
Shene (2010) states that since meshes are usually large and complex, a complex 
data structure that supports efficient algorithms is required. Depending on the 
application, a vertex, edge or face-based data structure may be used. One of the 
earliest edge-based data structures is the winged-edge data structure (Figure 35). 
In the winged-edge structure, if all faces are oriented clockwise, then each edge has 
eight pieces of incident information. The first four pieces of information come from 
the two vertices (X,Y) of the edge (b) and the two incident faces (1,2). The next two 
pieces of data come from the previous and successive edges to the edge in question 
on the first incident face (a and c). The final two pieces come from the previous and 
successive edges to the edge in question on the second incident face (e and d). 
 
Figure 35: Basic winged edge diagram 
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Fudas and Stamati (2009) explain that planar polygon meshes are mainly suited to 
rendering and virtual reality, as they do not provide sufficient geometrical detail for 
CAD. Smooth object surfaces such as areas of high curvature cannot be accurately 
or efficiently represented. 
 
Remeshing 
Alliez et al (2008) define remeshing. The technique of remeshing is used to improve 
mesh quality by reducing the complexity (mesh simplification). The input is often a 
manifold mesh (where the outer edges of all vertices form a closed loop). When this 
is not the case, a mesh repair algorithm must be utilised for processing. Remeshing 
techniques often generate a new mesh for the model or alter the input of the 
original mesh in some way. Bryden (2014) discusses how polygon mesh models of a 
given polygon density can be refined via subdivision (Figure 36). Subdivision 
represents smoother surfaces via coarser, less defined and therefore less memory-
intense polygon meshes. 
 
Figure 36: Example of mesh subdivision - Fiedler (2013) 
 
Finite Element Analysis Meshing 
Widas (1997) provides background on Finite Element Analysis (FEA) Meshing. FEA 
was developed by Richard Courant in 1943.  An FEA system works by using a 
collection of nodes to produce a mesh. The mesh will be programmed to contain 
the structural properties and materials of its real world counterpart; this defines 
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how the structure will react to the loading conditions imposed on it by the system. 
Each node is assigned a density value depending on the anticipated levels of stress 
the area it is located in will receive; essentially, the higher the stress on the area, 
the higher the node density value. Points of interest found by FEA mesh analysis 
include fracture points of previously tested materials, fillets, corners, complex 
details and high stress areas. 
Volumetric Meshing 
Ju (2007) states that due to the nature of polygonal meshes, direct operations 
performed on them can be time and space consuming along with causing geometric 
and topological errors. To combat this, voxel based volumes can be introduced to 
allow operation without risking errors in geometry and topology. 
Fudas and Stamati (2009) explain volumetric modelling. Also known as Constructive 
Solid Geometry (CSG) modelling, CSG represents objects as a volume that is created 
by performing Boolean operations on shape primitives (cubes, cylinders, spheres 
etc.). It is worth noting that a 3D FEA mesh is commonly made up of cubic voxels 
but can be made of polygons. The design history of a volume object can be 
expressed as a model tree (Figure 37) of Boolean operations. Volume pixels (Voxels) 
used in CSG representations are a single geometric primitive of the smallest discrete 
volume in that particular representation scheme, so this can make rendering CSG 
models difficult due to them being quite graphically intensive. To help with this 
issue, CSG is often used in conjunction with B-rep. Changes to the CSG model affect 
the B-rep surface representation of the volume, which is then rendered for the user 
to view. 
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Figure 37: Volume object model tree - Uformia (2015)  
Volumetric modelling is often used for visualising unstructured 3D volume data such 
as medical imagery, and it has been proven to be very inefficient for computer 
aided editing, rendering and manufacturing. 
 
NURBS Surface 
McNeel and Associates (2012) define NURBS. NURBS stands for Non-Uniform 
Rational B-Splines. They are mathematical representations of 3D geometry that 
describes any shape based on a 2D line, circle, arc or curve to produce an organic 
free form surface or solid (Figure 38). Due to their flexibility and accuracy NURBS 
can be used in models for many processes such as illustrations, animation and 
manufacturing.  
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Figure 38: NURBS surface patch in Rhino 
RealWorld Graphics (2006) provides some background theory to NURBS. They begin 
by explaining the basics of Bézier curves. A Bézier curve is formed by control points 
and a control polygon (Figure 39). 
 
Figure 39: Example of Bézier curve – CartouCHe (2012) 
All the points on a Bézier curve are calculated by the sum of its control points, the 
first point has the most influence on the beginning of the curve, the second has its 
influence on the first half of the curve and so on. 
Point influences are decided by the blending function. Scaled from 0 – 1, 0 when the 
control point is not influencing the curve and 1 where the curve is intersecting the 
control point. 
The properties of Bézier curves can be defined as: 
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• The curve starts in the first control point and ends in the last control point 
but rarely crosses the inner control points. 
• The tangent of the curve in its ending points is controlled by the inner 
control points relative to the connection to another object. 
• The curve is always inside the convex hull of the control polygon. 
The curve degree of a Bézier curve is decided by the number of control points 
(Figure 40). A straight line with two control points is a 1 degree curve, an arc with 
three control points is a 2 degree curve, and the previous example is a 3 degree 
curve and so on. Higher degree curves create more complex shapes but are much 
harder to use due to the fact that all control points still influence the curve. 
 
Figure 40: Curve degree examples, (a) is a 1 degree curve (b) is a 2 degree curve and (c) is a 3 degree 
curve 
Brydon (2014) describes NURBS modelling. Shapes created in NURBS are based on 
mathematically designed curves whose shape is controlled by a series of control 
points. The number of control points and their position can be adjusted to change 
the shape of the curves and surfaces while the parameter known as the ‘degree’ 
can be altered to increase or decrease the smoothness of deformations; the higher 
the value of the degree the smoother the deformation of the surface. This method 
of surface editing is known as direct manipulation.   
Control points are assigned a weight, which defines how much the point attracts the 
curve. The weight of the point is relative not absolute, so a curve with all the 
weights set to 1 would have the same form as a curve with weights of 100. The 
shape of the curve is only affected by points having different weights. 
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A b-spline is formed by multiple Bézier curves. While two cubic (3rd order) Bézier 
curves would have eight control points, if the last point of the first curve is equal to 
the first point of the second curve then the new curve formed by the two would 
have seven control points. 
McNeel and Associates (2012) define NURBS. NURBS stands for Non-Uniform 
Rational B-Splines. They are mathematical representations of 3D geometry that 
describes any shape based on a 2D line, circle, arc or curve to produce an organic 
free form surface or solid. Due to their flexibility and accuracy NURBS can be used in 
models for many processes such as illustrations, animation and manufacturing.  
They go on to explain Knots. Knots are a list of numbers which are determined by 
the degree of the Bézier curve plus the number of control points minus 1. The list of 
numbers is sometimes called a knot vector, but not in the 3D directional sense. 
2.5.2 Existing CAD software Archetypes 
Supported by Bryden (2014), CAD systems can be broken up into two distinct 
categories, solid modelling and surface modelling. Solid modelling systems are often 
parameter driven, feature based systems while surface modelling is usually more 
fluid and freeform, creating a different kind of part. Bryden (2014) also supports the 
notion that, while once being considered separate, in recent times CAD systems 
have started to become hybrids, combining elements of both solid and surface 
modelling to allow more flexibility in the parts they produce. Both systems rely on 
meshing to aid in the geometric representation of the part being produced, but 
there are also some CAD systems available that offer direct mesh modelling. This 
allows the user to create primitives, subdivide surfaces and manipulate control 
points to create geometry. (Figure 41). 
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Figure 41 - CAD archetypes and the examples that were chosen to represent them 
Schoonmaker (2003) suggests in The CAD Guidebook that there is a three-step 
process for creating a Solids 3D part, Selecting the Sketch Plane, Creating 2D 
Geometry and Making the 3D Feature. He goes on to explain how the sketch plane 
can be an existing face of a part, or an imaginary flat plane viewed on screen. Planes 
can also be created from axes, datum’s and co-ordinate systems. The 2D geometry 
is created by sketching a base foundation of the intended feature. Some examples 
that the author gives for creating 3D features include Extruding, Revolving and 
Sweeping (Figure 43). Extrusion is the process of taking the 2D geometry and 
creating surfaces along a single direction vector. This can be used to create a 
positive volume protrusion or a cut, which removes existing volume from a solid. 
Revolving takes the 2D geometry and revolves it around an axis, again having the 
option of creating cuts or protrusions. Sweeping uses the 2D geometry to create 
surfaces by dragging them along a smooth arbitrary path. Saxena and Sahay (2005), 
state that a solid model not only requires surface and boundary geometry definition, 
but also the definition of topological information such as interior, connectivity, 
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holes and pockets. Schoonmaker (2003) adds that while most CAD systems offer 
both solid and surface modelling, often where the user cannot see it, some 
technologies exist that only use solid models. 
Bryden (2014) explores how some CAD solid modelling is preformed parametrically. 
Parametric models are driven by dimensions, and a history of the procedures, 
parameters and geometry used to create an object, in the order in which they are 
recorded in a model tree (Figure 42). This enables the user to go back and edit 
dimensions and features at any time during the modelling process. Parametric 
modelling systems also facilitate the creation of technical drawings and bills of 
materials from the model and any changes made to the CAD model will 
automatically update these drawings. The parametric approach is weaker for 
freeform modelling and is more catered to logical, planned approaches. 
 
Figure 42: Screenshot of a part model tree in Creo 
Schoonmaker (2003) describes feature based modelling as the overall method of 3D 
part modelling, where the part being modelled is built up in a series of steps. Each 
of these steps begins by sketching 2D geometry on an existing plane or face of the 
model. 
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Figure 43: Examples of parametric features, (a) revolve, (b) extrude and (c) sweep 
Schoonmaker (2003) explains why solid modelling can be thought of as surface 
modelling as well, as in a solid environment the CAD system is doing the surfacing 
functions behind the scenes, doing the surfacing functions and creating closed 
volumes automatically. He goes on to note that with surface modelling it is the role 
of the user to figure out when and how the surfaces are going to be stitched 
together whereas in solid modelling if the surfaces to do not form a single, finite 
bound volume, the feature will “fail” and not be produced. Surface models biggest 
advantage is how they succeed in making sculpted and swept parts where other 
processes fail. Fudas and Stamati (2009) state that a B-rep model can be 
constructed of either NURBS or parametric surfaces.  
Saxena and Sahay (2005) explain that the term “non-uniform” signifies that the 
knots are not placed at regular intervals. Because of this they offer a great deal of 
flexibility in design and due to them possessing local shape control along with the 
other properties of B Spline curves, NURBS are widely employed in freeform 
modelling of curves. Schoonmaker (2003) adds that NURBS are a common 
mathematical formula for the geometric entities that are found in 3D CAD Systems. 
Schoonmaker (2003) defines a mesh as a grid of geometric data that is created to 
assist in the calculations of a CAD program. Meshes may be 2D or 3D and contain 
points called nodes and regions that surround the nodes known as elements. 
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Brydon (2014) states that polygon modellers are widely used in the gaming, 
animation, film and computer graphics industries. This is due to the inherent 
flexibility that a mesh can represent any arbitrary and complex form whilst the 
small file sizes of the models enable quick rendering and real time visualisation. 
While polygon modelling can be used to create physical prototypes, it is not widely 
used in manufacturing. Lately however, an increase in NURBS support and software 
enabling transitions between polygon meshes and NURBS has been seen, such as 
the option to Autosurface an STL into a NURBS object found in Geomagic Studio. 
2.5.3 Emerging CAD Research 
Multi Material Representation 
Siu and Tan (2002) adopt the term ‘heterogeneous object’ to describe objects that 
consist of FGMs and/or multiple material objects with clear material domains. Chen 
and Feng (2004) describe FGMs in greater detail, noting that they are used to join 
two different materials without stress. Material distributions should change from 
100% on one side to 0% on the other and vice versa. 
Zhou et al (2004) focus more on the microstructure properties of these FGMs, 
stating that by spatially varying different materials microstructure properties in a 
non-uniform manner throughout an object will result in an object with discretely 
changing thermal and mechanical properties on the macroscopic scale, with a single 
material. 
Gupta et al (2010) mention that heterogeneous objects can be split into three 
subclasses; multiple material objects, objects with sub-objects embedded within 
them and objects without clear material boundaries known as FGMs,  while Zhu et 
al (2011) groups multiple material objects and embedded objects together. Both 
authors classify FGMs, materials with continuous variations as their own class of 
heterogeneous object. 
Doubrovski et al (2014) points out the heterogeneous nature of the human body, 
and questions why despite this, current prosthetics and orthotics are homogenous 
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in material composition. This statement has particular relevance to this research, 
and the question asked here should be considered as research progresses.  
 
Wu, et al (2008) introduces their approach for modelling heterogeneous objects. 
They identify how the advent of AM makes production of heterogeneous objects 
possible. The main focus of their research has been developing computer 
representation schemes for these heterogeneous objects. They comment on how 
much of the existing research in the field focuses on computer representation of 
these objects instead of an overall procedure including AM fabrication. They limit 
this stage of this research to focus on developing a commercial CAD package to deal 
with heterogeneous object modelling. 
 
Figure 44: Screen shot of the HO representation system user interface, Wu et al (2008) 
They go on to explain how they approached the problem of modelling 
heterogeneous objects. They state that the process of heterogeneous object 
modelling can be divided into two categories, parallel and sequential. In the parallel 
approach, the geometry and material are designed simultaneously whereas the 
geometry is modelled first followed by material composition in a sequential system. 
Due to building on existing CAD practices, the authors elected to take a sequential 
approach. For the sake of simplicity, the authors only illustrated the polygonal mesh; 
the interior of the model is defined heterogeneously in place of a zero thickness 
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shell. They go on to discuss the advancement of computer capabilities allowing for 
volume based systems. By associating material, colour, density and strength to 
individual voxels within the boundary, a volumetric dataset can be produced to 
describe the internal properties of a heterogeneous object. They end by stating that 
the resultant model can easily be processed to generate the 2D slices necessary for 
AM. The user interface of their system is shown in Figure 44. 
The authors conclude by stating that they believe their volumetric dataset approach 
increases the flexibility of heterogeneous object modelling whilst maintaining 
accuracy of slices. They go on to discuss the simplicity of integrating other file 
formats into their system. As the geometric mesh is only used for visual 
representation the direct slicing algorithm generates slices that do not affect the 
representation of material variation within the model. They believe that future 
development of the system can allow design, visualisation and fabrication of 
heterogeneous objects. 
 
Gupta et al (2010) also approach the issue of AM of heterogeneous objects. They 
note how existing CAD systems can only represent the geometry and topology of an 
object, the material information needed to produce heterogeneous objects is not 
available. They agree that the AM technologies allow models to be produced with 
varying material composition, be it region, layer or point wise. Their aim was to 
extend the existing mathematical models and data structures used in current solid 
modelling systems to include material regions and heterogeneous properties. 
They continue by discussing their approach to the problem of modelling 
heterogeneous objects. They begin by identifying the necessary process planning 
tasks required for designing and manufacturing heterogeneous parts. They establish 
algorithms for material composition and material gradients before processing this 
data for visualisation for user interfacing. The completed heterogeneous model is 
then ready for slicing and communication with AM systems. 
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Figure 45: CAD data flow for the development of HO (Developed from Gupta et al 2010) 
The authors summarise the results of their system. They state their approach allows 
the creation of intricate geometries and material generation simultaneously, 
providing smooth transitions of material throughout the object. Any material 
adjustments are made locally, protecting the original properties of the object. They 
go on to discuss future research such as implementing complex and irregular 
material distributions and expanding object modelling to allow users to define 
mechanical properties, material distribution and generation of dynamic 
heterogeneous objects. 
 
Wang et al (2009) also approach modelling of heterogeneous objects, but approach 
representation through FEA techniques. Again, they comment on how existing CAD 
systems are not capable of representing heterogeneous objects. They continue to 
comment on how other research in the field has focused primarily on voxel-based 
and volumetric finite element schemes to store material information. They agree 
that these methods allow simple model processing and slicing for AM, but identify 
that these systems produce very large amounts of data for storage, dramatically 
reducing computer efficiency.  
They analyse their solution of using FEA to represent heterogeneous objects. The 
system begins by deconstructing the model produced in conventional CAD. The user 
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then defines finite positions within the object that have special requirements. The 
system will calculate graded sources from the geometric and distance functions that 
the authors established. The user then selects a fixed reference feature in the 
object space, be it a point, line plane or contour. After this the algorithm will then 
assign compositions to each finite element and then the material distribution is 
defined throughout the model.  
Wang et al are interested in how their system can be expanded to communicate 
with AM systems. The main issue involves slicing the finite element method (FEM) 
models into the necessary 2D layers. With continued research they hope their FEM 
approach could further reduce the data storage necessary and even develop a new 
file type for storage of FGM models and the material data necessary. 
Zhou et al (2004) also comment on the lack of CAD support for representing 
heterogeneous objects, again noting the ability to store geometry information, but 
inability to store material information. They agree that recent advancements in the 
field of AM have contributed to the boom in CAD for heterogeneous object based 
research. 
They also go about assigning material information via a reference feature. The 
authors produced a material grading distribution function that is applied to the 
entire Euclidean space, but only affects the area within the object’s boundary. The 
material grading function is represented in terms of distance from a query point 
within the object to the selected reference feature. This allows different 
compositions to be assigned to different references and material distributions can 
be easily modified without altering the geometry of the object. Even objects 
modelled with complex geometries, such as NURBS surfaces can also be used with 
this system as object geometry can be defined in commercial CAD systems. 
The authors discuss how they managed to reduce data storage in their method. 
They discuss how, compared to homogeneous objects, the fabrication of FGM 
objects is very complex as the grading information must also be processed. They 
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also discovered that it is possible to conduct the slicing process alongside the 
manufacturing process, meaning only a small part of the material information needs 
to be stored. For further research the authors are interested in how part orientation 
and tool path generation could affect the material distribution 
 
Chiu and Tan (2000) help to emphasise the problem, once more making comment 
on the lack of CAD support for representing heterogeneous objects. Their research 
focused upon using boundary representation for modelling objects and using 
material boundaries to establish heterogeneity. This would require a separate shell 
(bound B-rep object) for each material property which is the current solution when 
creating CAD models that will have multiple materials.  
They propose an alternative scheme for object representation. By using a material 
tree structure to represent a multiple material object, the authors avoided the need 
to subdivide the model into multiple cells for material information storage. Material 
information is obtained from the material tree, allowing any heterogeneous region 
to be extracted directly. The authors claim “By using the proposed representation 
scheme and associated algorithms, an object which contains regions of different 
materials can be represented and built in a RP [AM] machine” 
They discuss how modifying the STL file format was necessary for storing material 
information. The issue they found with this method is that storing material 
information within the STL file created a larger number of facets than normal, as the 
material boundary surfaces are added to the geometric model. This in turn 
increased the file size massively. To combat this the authors took Standard 
MetaLanguage (SML) code generated by the material tree as a direct input for the 
FDM machine, producing a much smaller file size increase of 55 KB. 
Siu and Tan (2002), Zhou et al (2004), Chen and Feng (2004) and Gupta et al (2010) 
all present methods for representing material grading by assigning a reference 
feature within the geometric model. 
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Siu and Tan (2002) state that a CAD system should be able to specify the material 
composition at every point within an object. They define a material array to fulfil 
this purpose. They give an example of an object with four primary materials (n=4) 
and state that at a given point, the distribution is (0, 0.3, 0.2, 0.5). This means that 
at that given point, the material composition is 0% material 1, 30% material 2, 20% 
material 3 and 50% material 4. They use the distance from each geometric point to 
a reference datum, termed the ‘grading source’ as their material grading function. 
The reference can be any fixed reference within the models coordinate system, be it 
a point, line or plane (Figure 46) and there is an option to use two complementary 
regions to ensure that the material composition of every point inside the object is 
defined. 
 
Zhou et al (2004) also assign material grading information to a reference feature. In 
a similar fashion to the previous authors, the reference entity can be any arbitrary 
feature in the model’s coordinate system, such as a point, line, surface and even the 
entire outer boundary of the object. 
 
Figure 46: Examples of material grading sources – Siu and Tan (2002) 
The material grading information is also determined by a distance function. Once 
again this function represents the distance between the query point inside the 
object and the reference feature selected. Each reference can have a different 
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material distribution, and the nature of selecting a reference means that material 
distribution can be altered without affecting the geometry of the object. 
If more than one material grading distribution is required, then multiple references 
can be selected and different materials can be assigned to the same reference or 
different references. When the same reference is selected, different materials can 
have different distribution functions, affecting the materials grading distributions. 
Figure 16 shows their proposed information flow for modelling heterogeneous 
objects using this method. 
 
Figure 47: Heterogeneous object with blended function - Gupta et al (2010) 
Gupta et al (2010) begin by introducing the five step structure for the data flow of 
their CAD system for heterogeneous objects. The first, a basic data structure 
module handles the set up for the geometric polygon mesh model and the 
subdivision of surfaces to improve mesh smoothness. The second module is for 
evaluating heterogeneous material information of gradient regions within a CAD 
model. This is controlled by user specification. The third module handles the 
visualisation of information, allowing rendering and visual representation of a 
heterogeneous model within the 3D space. The fourth module handles the slicing 
information for generating the material distribution in each layer necessary for AM 
and the fifth and final module is intended to display all of this information in a user 
friendly manner.   
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The authors define their material composition function as the distance from the end 
point of the first homogenous region to the first differential geometric point where 
the materials gradient becomes zero. Alongside the previously discussed literature, 
the authors also utilise a material composition array to represent the volume 
fraction of materials. The volume fractions of materials should add up to equal one. 
These materials are pre-defined. To avoid sharp material changes along component 
boundaries, a sub-volume creation algorithm is employed. These blending functions 
are applied alongside the distance function to smooth material transitions (Figure 
47). 
In a similar fashion to the previously assessed work, the grading references are 
sourced from the geometric model of the heterogeneous object. In this instance 
however, the authors have grouped the sources into three categories: Basic, Offset 
and Hybrid gradient references. For basic gradient references, the user may define 
any 3D object entity such as the axis, vertex, edge or any surface of the object. 
Offset grading references divide the object into a number of sub regions, allowing 
the material composition of any point inside the object to be evaluated. For objects 
with dissimilar boundary closures, the hybrid gradient reference must be used. 
Similarly to the offset gradient reference, the object is divided into a number of sub 
regions but this time blending and linear interpolation smoothing functions are 
applied to produce continuous gradient regions. This allows construction of 
constant radius blends for any type of surfaces, as long as their offset surfaces are 
smooth and do not contain singularities and self-intersections. 
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Figure 48: Information flow of modelling and processing heterogeneous objects - Zhou, Xi and Yan 
(2004) 
Chen and Feng (2004) propose a different method to the other authors, instead 
proposing their own modelling method which they claim can be applied to current 
CAD software to allow users to build a model that includes material information as 
well as graphical information without compromising on speed of operations. Their 
technique involves four sub-models, each of which handles a different operation in 
representing a part. 
The first sub model handles the geometric data of the model by using a standard 3D 
solid modelling software package. This model is then divided into regions based on 
the intended material distributions. This operation is applied again to divide the 
part into regions that have different microstructures. 
The other three models are for representing the material composition, material 
microstructure and embedded parts. The authors state that these three models 
cannot be represented by a 3D solid model and so must be represented by other 
means. The authors settled upon using schema to represent these features due to 
its simplicity in establishing a linkage between graphic library, database and 
application software, a prerequisite they state for modelling components with 
several sub models. 
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Barring some similarity to other authors reviewed, the pair concludes that by using 
arrays to pattern the base cell of a heterogeneous material in either a rectangular, 
cylindrical or spherical array, they can affect an objects material grading structure. 
In a departure from the rest of the assessed, work Zhu et al (2011) presents an 
approach intended for use with 3D printing and micro droplet dispensing 
technology. By utilising colour STL files ability to represent colour information as 
well as geometric information a colour slicing module was developed to allow 
colour information to be assigned to the triangles and surfaces of a standard 
polygon mesh. The colour information of each facet is stored in 24 bits, 8 for red, 8 
for blue and 8 for green. This allows for 16,777,216 different types of colour to be 
defined. If each of those colours is used to represent a different material instead of 
colour information, then this process has the possibility of allowing 16,777,216 
different primary materials to be used in the manufacture of heterogeneous objects. 
When researching voxels for use in multiple material 3d printing, Richards and 
Amos (2014) take their inspiration from how forms are generated in natural systems. 
Their intent is “to integrate simulation, analysis and physical testing into the early 
stages of design.” The utilise the Evolutionary algorithms, computer programs that 
simulate Darwinian evolution to generate physical structures in their research, with 
a specific focus on the Computational Pattern Producing Network (CPPN) and the 
Neuroevolution of Augmented Topologies (NEAT) algorithms.  
They note that when using CPPNs to generate voxel designs, the result often 
produces disconnected and non-manifold elements, which cannot be produced via 
additive manufacture. To resolve this issue they developed a ‘growth’ process that 
paints connections between the voxels that the CPPN generates and then builds a 
voxel model around these connections (Figure 49). 
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Figure 49: Richards and Amos CPPN growth process - Richard and Amos (2014) 
Richards and Amos later use this work in combination with NURBS (2016). The CPPN 
algorithm paints Voxel patterns across NURBS surfaces, taking advantage of the 
strengths NURBS modelling gives whilst allowing them to ‘map’ CPPN generated 
textures to the geometry. 
Oxman (2011) introduces variable property modelling (VPM) design approach and 
variable property rapid prototyping (VPRP). She performs a number of case studies 
looking at how voxel based modelling can be used to produce heterogeneous 
material properties for various applications. The studies were conducted on Chair, 
Splint and Shoe Sole design, three areas that “explore the possibility of controlling 
material property variation across the surface area” (Oxman 2011).  
‘The Chaise’ explored mapping material properties based on a pressure map of the 
form and weigh of a human body. Cushioned ‘cells’ would be concentrated on areas 
where the pressure of the body would be at its highest and smaller denser ‘cells’ 
would be concentrated in areas of high curvature to ensure structural integrity. 
‘Carpal Skin’ intended to map hard and soft materials to a carpal tunnel syndrome 
sufferers ‘pain profile’ to produce a splint. As rigid materials would have restricted 
the movement of the wrist, changes in thickness were used to increase support in 
areas of need.  
Following on from the case studies Oxman goes on to note the need for a change in 
current CAD to facilitate VPRP. She specifies the Variable Property Modelling 
environment (VPM) with a heavy focus on the need to use voxels in place of 
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traditional CAD representations such as NURBS and STL’s. This proposed system 
could be used to create data-driven and property-driven ‘digital anisotropy’. 
Whilst this work of these authors is interesting, the heavy computational based 
nature means it may not be useful in later stages of research. The method of 
randomly generating properties and textures in voxel based modelling could be 
useful for generating porosity, but the need for controlled material regions 
specification means that the multiple material  option voxel modelling presents 
would not be useful if performed in a manner the work these authors present. 
 
Zhou et al (2004), Zhu et al (2011) and Doubrovski et al (2014) all make comments 
on the redundancies of the STL file format for representing graded materials, as all 
three groups agree that STL only has the capacity for approximately representing 
geometric information.  Zhou et al (2004) recommend the STEP format in place of 
the STL format, due to STL files occasionally losing topological information, the 
generally large file size and the representation being an approximation of the 
objects boundary.  Zhu et al (2011) decided to use colour STL files to represent the 
different material information in their heterogeneous objects, as STL is also 
monochrome. Doubrovski et al (2014) point out how in recent years steps have 
been taken to define a standardised format for representing heterogeneous objects. 
All of these recommendations require additional metadata to be stored within the 
file for communicating material information to an AM process. 
 
Zhou et al (2004), Gupta et al (2010) and Zhu et al (2011) also discuss how 
important it is to make considerations when slicing a heterogeneous object for AM. 
Zhu et al (2011) point out that slicing direction will influence the precision and 
intensity of the object as well as the cost and time of production, so it should be the 
first thing that is considered. Gupta et al (2010) agree with this, going in to discuss 
how their system produces slices for AM. The model of the heterogeneous object is 
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first sliced to obtain the intersection curves. The 2D regions are then faceted into a 
triangular meshed region before material information and mapping are sequentially 
applied to the meshed facets. The evaluated mesh is then transferred to the slice 
file. Zhou et al (2004) discuss the differences between fabrication of graded objects 
and homogeneous objects. While also stating the previous point of how part 
orientation affects cost and precision of a homogenous object in a layered 
manufacturing process, they go on to discuss how material distribution should be 
the first consideration during process planning. They claim that having the build 
direction in the same orientation as the material grading direction is the simplest 
way to produce a heterogeneous part via AM as volume proportion and material 
proportion will be consistent in all layers. The build direction and the material 
grading direction should also be kept as close to the same direction as possible. 
 
All the authors reviewed agree that there is a need for CAD advancement in the 
area of graded material representation. They all state in some form that traditional 
CAD systems can only represent an object’s geometry and topology, allowing no 
method for representing material properties and intended material variation or 
grading information. 
 
Porous Structures 
Schroeder et al (2005) discuss how porosity is a new problem for CAD. They believe 
that advancement could be of great importance in biomedical and tissue 
engineering applications. They propose “The porosity problem”, how to use CAD for 
designing replacement porous bio-tissues. Their goal is to augment existing CAD 
systems to include pre-determined porosity for advanced modelling. Having drawn 
information from other authors work in CAD for representing heterogeneous 
objects, they also note that existing methods for producing porous structures focus 
primarily on the needs of manufacturing. Currently it is possible to represent the 
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density, the volume fraction or the internal porosity of the object. While 
representing the density is concise, there is no method for representing pore size, 
pore structure or connectivity. On the other hand, representing the internal 
porosity will result in huge file sizes. 
 
Following on from their introduction of the problem, Schroeder et al (2005) decided 
to apply heterogeneity and porosity through volume fractions. They state that a 
system is only useful if it can support both design and manufacturing of porous 
objects. They base the underlying boundary representation on CSG as a model is 
designed and represented by manipulating combinations of unions, intersections 
and differences. Due to this the authors system need only handle Boolean 
operations to represent internal porosity. The resultant system is compatible with 
any B-Rep based modelling system. 
 
Schroeder et al (2005) explain how experimenting with their technique could form 
the basis of new data structures and algorithms for representation of high-fidelity 
porous objects. In the future, they intend to integrate their techniques into CAD to 
enable interactive design, analysis and manufacturing of these objects. 
 
Kou and Tan (2010) take note of the recent increase of CAD being involved in the 
generation of porous objects. They assess how considerable research efforts have 
been put into design of porous objects in the last decade, both regular porous 
objects and natural porous objects that are similar to bones or sandstone for 
example. The primary goal of their research is to propose a nature-inspired system 
for geometric representation of porous structures. 
  
Kou and Tan (2010) comment on how the majority of CAD approaches for modelling 
porous structures only produce regular structures, whereas irregular structures are 
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defined by reconstructive approaches. Firstly, Voronoi tessellation is used to divide 
up the modelling space into a collection of compartments. Selections of these 
compartments are then merged to produce random colloid aggregations. This 
merging produces irregular convex and concave polygons whose vertices are used 
as control points for B-spline curves. These B-spline curves produce the irregular 
shaped pores. Whilst effective this method did produce some problems. In some 
instances, the pores produced would be too small or overlap each other. The 
greater the increase in the Knot value of a B-Spline curve, the further the fitted 
curve becomes from its control polygons. Another method of resolving this issue 
was to scale the control polygon itself. 
 
Kou and Tan (2010) summarise by stating that their CAD modelling approach 
provides a simplistic method for producing porous structures that have a natural 
and realistic appearance. As far as they are aware, there is no other existing method 
that achieves similar results to theirs. To continue their research they hope to utilise 
FEA and particle swarm optimisation to optimise irregular porous objects. They 
hope to continue by utilising non-uniform Knot vectors to replace the uniform ones, 
allowing for modelling porous structures with sharp features to be properly 
represented.  
 
As with the previous section, the majority of authors whose work is reviewed note 
the need for advancement in order to represent porosity within the CAD space. 
Wang (2007) notes that current Euclidean surface and solids based methods of 
representing geometry are inefficient for constructing a large number of particles. 
Whilst this statement strays from the topic area slightly, it does bare some similarity 
to the nature of a porous object as well as tying in to the micron scale.  
Pasko et al (2011) state how existing approaches to modelling microstructures rely 
on surfaces and voxels, both of which have known limitations that are amplified by 
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the geometric complexity microstructures usually represent. They go on to state 
that surface based models that contain high quality lattice structures have a high 
number of polygons, creating difficulties in rendering even with today’s modern 
graphics hardware. Effectively, rendering time, as well as other processing time, 
grows with the size of the model. 
In a later paper, Fryazinov et al (2013) discuss how, when attempting to replicate 
their research in a range of traditional CAD systems, many had great difficulty 
representing the geometry. Only after reducing their test piece to the lowest 
resolution possible were the systems able to produce it. 
“The process to union the units into 10x10x1 ”sheets” alone took 6 minutes to 
complete and while it was possible to copy the sheets 10 units high it was impossible 
to union together the final structure. Attempting to do so resulted in the software 
and hardware failing when using several industrial packages of software.” Fryazinov, et 
al (2013) 
Yoo (2012) makes note of the research trend of using Triply Periodic Minimal 
Surfaces (TPMS) in the design of porous scaffolds in place of traditional geometric 
methods. Minimal surfaces are surfaces that minimise their area and have 0 mean 
curvatures. TPMS are infinitely extending and not self-intersecting. Nan et al (2014) 
follow this trend stating that TPMS is an effective, simple mathematical method for 
defining pore geometries in comparison to conventional CAD, especially in regard to 
the limitations of controlling spatial distributions of heterogeneous pore 
architectures.  
 
Although they are not as relevant to the study as other areas of CAD research, a 
relatively large area of study for CAD representation of porous structures comes 
from medical research, specifically in the area of tissue engineering scaffolds and 
biomedical implants. The following author’s techniques are explored due to the 
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inherently medical nature that the intended end use that this study is working 
towards. 
The work of Sun et al (2005), Murr et al (2010) and Podshivalov et al (2013) all bare 
some similarities. All three authors use CT scans to acquire their model geometry, 
be it from a patient or in the case of Murr et al, aluminium alloy foams. Sun et al 
(2005) and Podshivalov et al (2013) both use voxels to construct the 3D CAD 
geometry of their porous structure, while Murr et al (2010) opted to used bitmaps, 
which enabled alteration of pore sizes and area by altering the linear dimension. At 
the time of writing, Sun et al (2005) note that there is no effective method for 
converting CT data into CAD solid models. However Podshivalov et al (2013) makes 
no mention of this, creating the assumption that this problem was resolved at some 
time between the two articles being published. The two groups end by stating that 
their respective voxel models were converted into the STL file format for AM.   
Rajagopalan and Robb (2006) make possibly the most relevant statement, noting 
that cubic lattice style porous representations with sharp turns commonly formed 
from conventional Boolean intersections (a combination of CAD models where the 
geometry of one model occupies the boundary of another) in conventional CAD do 
not provide a biomorphic environment suitable for cell attachment. This should be 
taken into account for any areas of porosity that are intended to interact with cell 
biology within this study. 
 
Sun et al (2005), Liulan et al (2007) and Kou and Tan (2012) present methods 
involving Boolean intersections as a means to represent porosity.  
Following on from the previous section, Sun et al (2005) used Boolean subtraction 
to merge their unit cell porous structure with the geometric model of the anatomic 
structure to produce an anatomic compatible structure. 
Liulan et al (2007) also use unit cell microstructures to represent porosity. The 
geometric representation of a negative model of the intended interior 
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microstructure is produced. This model is then merged with the outer shapes 
geometry with a Boolean operation, leaving the resulting porous scaffold behind. 
They conclude by stating that the microstructure unit is not exclusive; they applied 
numerous shapes including spheres, cylinders, hexagons and dodecahedrons. 
Kou and Tan (2012) utilise Voronoi diagrams (Figure 50) and B-Spline representation 
to model irregular porous structures. The first step is to generate Voronoi 
tessellation to divide the design domain into a series of compartments; these points 
have uniform distribution. Next, random components are merged to imitate 
random colloid aggregations; this is done by randomly assigning attributes with 
different colours. Adjacent cells with the same colour attribute are then merged. 
This creates concave polygons that enhance the porous structure. The vertices of 
the polygons created by the Voronoi tessellation are used as control points for the 
B-Spline curves; these curves form the boundaries of irregular shaped pores. The 
polygons are scaled down during this phase to avoid overly small intersections 
between adjacent pores. The pores are then put through a Boolean subtraction 
against the external geometry to form an irregular porous structure. 
 
Figure 50: The graphical user interface for IPorous modeller - Kou and Tan (2012)  
Rajagopalan and Robb (2006), Wang (2007), Yoo (2012) and Nan et al (2014) all 
utilise TPMS to represent porous structures. 
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Rajagopalan and Robb (2006) introduce the idea of using TPMS to construct tissue-
engineering scaffolds. They define TPMS as surfaces that are periodic in three 
independent directions, extending indefinitely without self-intersections. The P-
scaffolds the authors produce are formed by orthogonally tessellating the unit P-
cells (Figure 51), formed by reflecting an evolved surface patch and embedding it 
orthogonally around the fundamental region. This creates a cubic labyrinthine 
network, which the authors note as being reminiscent of the existing CAD-based 
scaffolds. 
 
Figure 51: Two step reflection process to tessellate surface patch into unit P-cell – Rajagopalan and 
Robb (2006) 
Wang (2007) proposes a modelling scheme that supports multi scale, modelling and 
simulation by utilising TPMS. The proposed approach uses the periodic surface 
model to allow rapid construction of models with thousands of elements, 
something that is time consuming, if not impossible in current modelling 
approaches. A minimal surface has a mean curvature of zero and if it is periodic in 
three independent directions, it has space group symmetry. As these surfaces are 
infinitely periodic, they have scalable properties, allowing them to be represented 
in various scales efficiently.  
Yoo (2012) utilised TPMS to produce porous, heterogeneous scaffolds. Their 
method allows control of porosity distribution, optimising the biological and 
mechanical properties that the architectures can achieve. This is the approaches 
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strongest point the author claims, allowing efficient design of porous scaffolds that 
closely resemble the biological characteristics of native tissue, which can be 
obtained from the patients CT image data. Yoo (2012) also notes the methods main 
limitation; only one kind of TPMS can be used within a model. The mathematical 
nature of TPMS offers more complex techniques that have potential benefits to 
scaffold design and he hopes that in future work a hybrid method that combines 
this work with traditional TPMS methods can be found. 
Nan et al (2014) note that where two different porous morphologies within one 
scaffold meet, a special shape should be formed to bridge the structures together 
smoothly. They propose two methods for smoothly transitioning between different 
TPMS structures for biomimetic design purposes. The first of these, the Sigmoid 
Function (SF) method, is applied to simple transition boundary cases. The second, 
the Gaussian Radial Basis Function (GRBF) method is employed in more general 
cases. Basing their work on previous studies, the authors first simplified the existing 
TPMS for the purpose of simpler operation. To avoid a piecewise formula for each 
part they opted for a continuous function, which they claim is better for describing 
the entire structure. While the SF method is convenient for constructing 
architectures with multiple porous structures, it cannot flexibly handle complex and 
compound transition boundaries. To overcome this, the GRBF method must be used. 
 
Pasko et al (2011) and later Fryazinov et al (2013) present their work involving the 
Function-based Shape Modelling (FRep) method of geometric representation. 
Pasko et al (2011) focus on modelling regular microstructures in the first piece of 
literature that was reviewed. They describe porous media as various materials that 
exhibit the property of irregular porosity through an interconnected network of 
cavities within a solid material stratum. They replicate a basic pore shape by using 
periodic space mapping, which is similar to cellular structures. In this case, 
microstructure connectivity is not an issue. 
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To form a basic pore, a shape such as a sphere or ellipsoid is selected; it is then 
replicated within the necessary space, with variable parameters if needed. The 
pores are then given pseudo random variations in size and position before being 
subtracted from the geometric representation of shape. 
As with their work on lattices, the pore size can be made variable depending on the 
distance from the initial surface and by a solid noise function to the model 
parameters pseudo random deformations of pores can be achieved (Figure 52).  
 
Figure 52: FRep pseudo random variation of pores – Pasko et al (2011)  
Following on from this work, Fryazinov et al (2013) continue to expand on the 
applications of the FRep system. They introduce two functions for replications, the 
saw tooth wave function, which is used for replicating non-symmetric cells and the 
triangle wave function, for replicating symmetric cells. The saw tooth function 
utilises periodical discontinuities, which are not found in the triangle wave function, 
but due to its nature, the unit cells have to be symmetrical around the centre of the 
cell with respect to the coordinate axes.  
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Figure 53: Nested FRep cellular structures – Fryazinov, Vilbrandt and Pasko (2013)  
The mathematical nature of the cellular structures allows adjustments to be made 
by changing the parametric functions. The parameterisation can be applied to the 
replicating function, the unit cell’s parameters or a mixture of both. One example 
given shows how using dependency of the unit cells parameters, they can obtain 
different shaped unit cells grading through the structure. Another example shows 
the replication period depending on the distance from the given point to the 
boundary of the external geometry. One final example shows a filter with several 
levels of scale using cellular replication (Figure 53). 
 
Sun et al (2005), Rajagopalan and Robb (2006), Liulan et al (2007) Podshivalov et al 
(2013) and Nan et al (2014) all made use of the STL file format when it came to 
preparing their prototypes for AM. Liulan et al (2007) took the extra step of 
optimising their model for the conversion to STL by using a mesh decimation 
algorithm to reduce the number of faces in the model while retaining the main 
features of the model. They state that they managed to reduce the number of 
facets by 25% using this method. 
Fryazinov et al (2013) on the other hand want to move away from auxiliary formats 
in favour of directly fabricating their FRep models. They propose two possible 
solutions for this, the first of which involves taking a raster image of each layer at 
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the specific AM machines resolution. The second approach would involve directly 
controlling the material deposition process, but due to the limitations in access to 
machine protocols and control commands, this method would require an open 
source hardware system. 
2.5.4 Emerging CAD Software 
Following on from the above research, Hyperfun (2013) explains how FRep defines a 
geometric object by a single real continuous function of point coordinates. Led 
primarily by Alexander Pasko, the main goal of the FRep project is to develop a rich 
system of geometric operations and relations. FRep can also be used to model 
pointwise object properties such as material, density and colour.  
Uformia (2015) introduces some of the desirable features of FRep including the 
combination of algebraic and implicit surfaces, sweeps, volumetric objects and 
parametric models. FRep can also be used to model pointwise object properties 
such as material, density and colour. FRep claims guaranteed water-tight generation 
of meshes and model integrity for 3D printing, incorporation of advanced 
microstructures and tiling of geometry at any scale.  
The one drawback of FRep is that the current commercial application, Symvol, is 
only available as a plug in for the surfacing software Rhino. 
 
“Monolith is a voxel based modelling engine for multi material 3D printing” 
(Autodesk 2017). The Monolith engine by Autodesk is a function based CAD 
modelling system, it allows the user to make certain features that Brep modelling 
systems cannot cope with, such as variations in material properties. Monolith 
allows a large number of features including ‘Free Paint’ (Figure 54) where the user 
can alter the colour of the surface of the volume object, much like how 2D image 
editing software allows users to vary brush size and shape etc. Users can import 
‘slice files’, image files such as .jpg, .png, .tiff and .bmp for 3D reconstruction. 
Volume models can also be exported in slices for multiple material 3D printing, 
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where each material channel will be saved as its own STL file. Finally an analysis 
option is included for designing parts with ‘Topology Optimization’ providing the 
optimal path for loading in a given part. 
 
Figure 54: Screenshots of Monolith, (top) 3D reconstruction from 2D imaging, (bottom) Painting 
function used on a volume surface. - Autodesk (2017) 
Monolith has a number of features that would be desirable for this project. While 
the system does not support medical imaging file types (Section 2.4.1) the ability to 
import slice files for 3D reconstruction could be an option for importing patient 
geometry at later stages of research. The second desirable feature is the means of 
painting different colours and materials on to the volume object. This would be a 
desirable method for specifying different functionally graded material regions that 
this work desires. Finally, the method of exporting multiple material parts is also 
desirable. While it still relies on the STL file format, the system handles the division 
of material regions and exports them to the STL format procedurally, taking the 
load of the user.  This would work well with multi material AM proprietary software 
such as Objet Studio (Section 2.3.4) as the shells are ready to be imported as an 
assembly straight away. 
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Voxel Print by Stratasys (2015) is a research program for aiding researchers in 
creating multiple material models from Bitmap files for 3D printing.  Researchers 
create their own model layer slicer and manipulate materials at the voxel level to 
communicate with the Polyjet 3D printer family (Cross reference here) producing a 
multi-colour multi material part to their specification.  
While this is interesting to the wider research CAD community, there are no options 
for utilising Voxel Print in this work.  
 
T Splines (2013) aims to address some of the modelling limitations of NURBS 
surfaces and its biggest advantage is that surfaces can contain differing areas of 
detail. Additional control points are only added where they are needed, typically 
creating a model with up to 50% fewer control points than a standard NURBS model. 
This is achieved by T points (Figure 100), a vertex where one side has an isoparm 
and the other does not. An isoparm is an iso-parameter curve, a curve along a fixed 
surface parameter value (North, 2010). The decrease in control points aids 
controlling surface smoothness, speeds up surface editing time and ultimately 
reduces file size. T splines models can be easily converted back to a NURBS surface 
model or exported as a mesh. As of 2011 the technology was acquired by Autodesk. 
 
Figure 55: Example of T Splines T points – T Splines (2013) 
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As Autodesk now owns T splines, a drawback is that it has limited availability and 
only works with either Rhino or other Autodesk systems such as Fusion 360 and 
Maya. 
Grasshopper (2015) is a free Rhino 3D plug-in that works with generative algorithms 
to allow users to explore and create new complex shapes. 
The use of generative algorithms provides a new level of accessibility to CAD, 
provided the user knows the name of the function that they desire to use. The user 
interface is visual, dragging in blocks that represent processes (functions) and wiring 
them together in the correct order. Once a user creates a Grasshopper algorithm it 
can be used again and again to apply the same collection of functions to different 
model inputs, by changing the surface or curve selection for example.  
Once again, Grasshopper is only available for use with Rhino. 
2.6 Summary 
The result of this literature review has shown a variety of popular approaches to 
representing porous microstructures in CAD. The simplest and most prominent 
strategy is using Boolean Intersections to merge the designed component with a 
pre-defined porous block. If applied in CAD, this technique would create a necessity 
for a hierarchical CAD system, where the user first defines the required porosity 
their part requires before merging it with their model, but would allow this initial 
porous block to be edited without creating issue with the rest of the model. This 
could be expanded upon further with Kou and Tan’s (2012) Voronoi point technique, 
allowing the adjustment of data parameters that would then update the rest of the 
model. The second contender that the literature provided is FRep. At the time of 
writing, the tools used in both papers assessed have been combined into a plug-in 
known as Symvol for Rhino3D, meaning that it is very accessible for use in future 
testing. Whilst most use of TPMS is focused towards tissue scaffold design, it is not 
without possible benefit to this project. For example, a TPMS cube could be formed 
in a similar method to Wang’s (2007), approach before using a Boolean intersection 
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to blend it with the model of a porous area and Yoo’s (2012) method, allowing the 
control of porosity distribution could be a strong point in personalising the area or 
porosity necessary from patient to patient. 
 
After conducting this review, trends show that industry is starting to take notice of 
the need for multiple material and multi-colour AM systems. With Stratasys and 3D 
Systems both developing their offerings for multi-material systems it is only a 
matter of time before these technologies find their way onto the small machines 
market that is finding its way into offices and homes worldwide. To accompany this, 
the work assessed also proves that research into producing multi-material 
structures using a number of the existing processes is ongoing, not just the trend of 
material jetting shown buy current state of the art commercial systems. 
Industry is also beginning to take note of STL limitations. With AMF (STL 2.0) trying 
to address the inefficiency of STL, and the bridging software Objet Studio providing 
options that could work towards the research objective, it is possible that a more 
efficient file type will be needed. 
When it comes to multi-material representation, the literature explored discusses 
two approaches, parallel and sequential. None of the authors reviewed used the 
parallel category whereas numerous sequential ideas such as using FEA methods, 
defining a function that applies material grading to the entire model space but only 
effecting the object geometry, and using a material tree structure to represent a 
multi material object. More research will be conducted into existing parallel 
representation methods and the ultimate need of the study will affect the choice of 
approach future research will utilise. Porosity methods are also divided by the 
required outcome. The work assessed contains examples of both uniform and non-
uniform porous objects; the choice between these methods will also depend on 
what the study requires. 
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Analysis of this literature has produced one clear method for representing graded 
material information within a CAD environment. By assigning a reference feature 
with material grading information, it is possible to specify the direction or source of 
material grading. This could be one possible strategy to carry forward when testing 
methods of representing graded material structures in CAD. Despite this, the other 
methods should not necessarily be discounted. Chen and Feng’s (2004) method of 
using sub-models to represent each individual aspect of components with multiple 
material properties, or finding some method of being able to define material 
grading information in a separate environment to the geometric representation of 
the model could well be another valuable strategy, and some exploration of other 
means beside schema could also prove useful. For this work, Zhu et al’s (2011) 
approach does not seem relevant, the focus that work is catered specifically to the 
3D printing manufacturing process, and while it could be considered, if 3DP is not 
the chosen method of AM for this research, then this technique will be redundant. 
From the body of knowledge reviewed no clear direction or state of the art stands 
out. While a possible cause for this could be the relatively young nature of the field, 
the wealth of techniques available will aid future investigations. One clear trend 
shown in this review is the aforementioned preference for sequential approaches in 
multiple material representations. The literature shows that pursuing a parallel 
representation is an unpopular approach, but on the other hand this area could be a 
gap in the market and an opportunity for new research. 
The result of this literature review shows that more focus needs to be paid to CAD 
advancements, and specific focus should be paid to the question of scale. Porosity 
and heterogeneity can exist on the detail and micron scale, especially in relation to 
the proposed need of channels for cell biology to grow through (Figure 1) so existing 
CAD research that represents geometry on these scales could provide options for 
future investigations.   
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3. Research Questions 
By keeping the research aim in mind (Section 1.1), and drawing from the knowledge 
presented in the literature review, the next step is to devise a collection of more 
specific research questions. These questions formed the basis of the research 
studies whilst ensuring that these studies meet their relevant research objectives. 
The research questions are as follows: 
For the purpose of enabling the design of a future vision of prostheses that include 
anatomical form, Variation of Directional Stiffness, micron scale features, lattice 
structures, and multiple/graded materials; 
1. What is the current CAD state of the art? 
2. What steps must be taken to produce the necessary material properties 
with current CAD systems? 
3. How can new CAD strategies be applied to improve the efficiency of 
producing parts with these necessary material properties? 
4. Is it possible to combine design tasks into a single overarching CAD 
package? 
5. How accessible will the new CAD system be to clinicians, allowing 
prosthetists to adjust geometries and material properties from patient to 
patient and for patients to make their own adjustments if their current 
prosthesis is not meeting their needs? 
The first research question has already been answered by the literature review. By 
assessing what is commercially available in the context of CAD, the state of the art 
can be established and further research can build upon it. 
The second question is related to the research aim of identifying strategies for new 
multiple material representations via CAD. By using a single CAD system approach a 
test will be conducted to assess the inefficiencies of current CAD systems. The 
results of this test will then be used as a control for the following stages of the work. 
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Research questions 3 and 4 work towards addressing the issue of scale and by 
proposing solutions, it should be possible to reduce the inefficiencies and 
drawbacks of current file types and move towards creating a more stable method of 
representing complex geometries. By using numerous CAD packages to apply the 
resulting strategies in the most efficient manner possible and comparing them 
against the control approach, the first step in resolving this research question 
should involve some definition of the required capability of the new CAD approach. 
Following on from this, the second step for resolving this research question will 
involve assessing if it is possible for these new strategies to work alongside each 
other in an independent CAD system without conflicts.  
 
The final question should resolve the final objective, to evaluate these target 
strategies for future applications in next-gen prosthetics by assessing the tested 
outcomes against their relevance to the world of prosthetic design and engineering. 
Whilst the basis of the end-product can be specified and produced by a designer 
who has CAD experience, the capacity to create a unique prosthesis catered to each 
individual’s need is also a must. The issue is that a clinician or prosthetist will most 
likely not have the CAD knowledge or skill needed to make these adjustments. The 
possibility of a simplified interface to the CAD system that allows these individuals 
to be able to make adjustments by entering the necessary parameters into drop 
down boxes, sliders etc. while the model is updated in the background is a desirable 
option for resolving this. 
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4. First Study: a Comprehensive Review of Current CAD 
Environments  
4.1 Introduction 
The first study for this research consists of a number of design tasks involving 
current CAD software to identify properties that will be required by the end-product, 
the prosthetic interface. Following the needs gathered during the literature review 
and the design specification given by other members of the research group (Section 
1.2), necessary design features have been identified for further research.  
In order to identify the inefficiencies of current CAD systems accurately in relation 
to the area of producing next-gen prosthetics a control model process order needs 
to be produced. It must take the most efficient steps available across the three CAD 
archetypes.   
Without a proven control model, it would be impossible to assess the gaps in the 
current CAD state of the art that will need to be filled in order to reach the intended 
end deliverable. This is the justification for this study, as there may be processes 
that are already available and desirable in current CAD systems that could be 
missed without thorough testing. 
The objectives that will aid in achieving the aim of this study are as follows: 
- To conceive a criteria for the necessary operations that the hypothetical CAD 
system needs to represent. 
- To create a criteria for assessment of current CAD technologies. 
- To test one CAD system from each of the three main CAD archetypes. 
- To look for options for combining the most efficient step into a hybrid 
process order, creating the control model.  
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Due to the limitations of current CAD systems, certain necessary features, 
specifically those of multiple scales or multiple materials may not be possible. These 
issues may require a unique method of assessing their efficiency. This study 
addresses the topic of current CAD systems and their applications. 
4.2 Methodology  
4.2.1 CAD Criteria 
As stated in the objectives, the first step of defining a control model for existing 
CAD is to specify what features are necessary for the system to represent. This 
criteria is informed by the keywords extracted from Figure 1 along with the 
literature.  This is the first objective of this study (Page 112) , the criteria is broken 
up into the three scales: Product, Detail and Micron. When speaking in terms of a 
solid modelling environment, these are the ‘features’ that the completed part is 
intended to have. 
The Product Scale represents any process that is performed on a large scale, such as 
features that make up the body or structure of the part being modelled. Parts on 
this scale are usually represented in units between metres and millimetres. The 
following criteria fit the product scale:   
Robust Structure 
As with all AM parts, the system must be able to represent stable complete parts 
that produce a valid STL or other format that can be 3D printed with support 
material where needed. In the case of going straight from CAD to 3D print, the 
inclusion of an algorithm that defines where the support material will need to be 
placed is an option for consideration.  
Variation of Directional Stiffness  
Anisotropy is defined by Oxford Dictionaries (2016) as “Of an object or substance 
having a physical property which has a different value when measured in different 
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directions.” Rather than using a material with anisotropic properties it was decided 
that a design feature would be used to affect the rigidity of the socket in specific 
directions. Creating a Variable Directional Stiffness structure that allows the socket 
to expand and contract in certain directions to accommodate the changing form of 
the residual limb could enhance patient comfort. This could be defined manually 
within the CAD environment or require an algorithm that could be adjusted varying 
from patient to patient. This could be achieved through mechanical design features 
(e.g. variations in material thickness). 
Anatomical Form 
The CAD approach should be able to represent an individual’s anatomical form 
accurately, for example utilising data derived from 3D data capture 
(photogrammetry, CT, MRI, etc.) this will include complex freeform surfaces. 
The Detail Scale represents any process that is performed on a smaller scale, such as 
fixtures or cut-outs that are usually represented in units of millimetres and below. 
The following criteria fit the detail scale:   
Multiple Materials and Material Grading 
The CAD environment should have the capacity to represent multiple material 
properties and FGMs. This would allow the socket to be rigid in areas of structural 
necessity while flexible or soft in locations that would aid patient comfort – 
achieved by varying materials composition as opposed to mechanical design 
features. The CAD model should have the ability to locally assign materials to 
specified volumes. For graded materials, the material grades will need to be 
specified with specific volumes. 
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Porosity for Comfort 
Some method of defining porosity of parts or areas of the interface that allows 
areas of high perspiration to expel sweat and allow the skin beneath the interface 
to breath, reducing the discomfort that the patient suffers when wearing the 
prosthesis for extended periods of time. The areas that this porosity is necessary 
will vary from patient to patient, which could again be solved in the CAD 
environment by an algorithm or some method of selecting the location. Some 
consideration should also be made as to whether this porosity is uniform or non-
uniform. 
Lattice Structure  
If necessary, defining larger areas of porosity for comfort and weight reduction will 
also require some consideration of structural issues. In certain areas, larger voids in 
the socket could be used in place of large areas of the aforementioned porosity, 
saving on material and time. This would be defined in CAD in a similar manner. 
The Micron Scale represents any process that is performed on a tiny scale, In this 
case the any feature that will incorporate biological constructs that are intended to 
interface with the artificial parts. These features will be in units greater than one 
micron. The following criteria fit the micron scale:   
Cell Channels 
On the micron scale, as part of the study’s ideal of using cell biology to drive 
mechanical elements on the limb, channels that direct motor neurones from the 
patient’s residual limb to the interface will need to be included. In the CAD 
environment, working on the sub-micron level as well as the product level can 
create large inefficiencies. One method of incorporating this element could be 
hierarchical modelling. 
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Active surfaces 
The CAD should be able to specify localised surfaces (e.g. chemically deposited) on 
the micro to nano scale. These chemical treatments will either encourage or 
discourage the growth of cell biology where necessary. Some areas might be 
treated to be antibacterial for example. 
4.2.2 Assessment Criteria 
To meet the second objective (Page 112), an assessment criteria needs to be 
defined. Each step will be assessed on three merits, Time (elapsed time), Steps 
(number of) and Intellectual Load. A comparative scaling technique was used to 
compare and contrast the systems on each of these assessment criteria. 
Time was assessed as expected by the time taken to complete the process. Steps 
were assessed by the number of features needed to complete a process. Time and 
Steps are quantifiable values for assessment, as a system with a lower number of 
steps, or a shorter time to complete will obviously be ranked higher than one with a 
larger number of steps and a greater time to complete.  A step is defined as when a 
user interaction will result in a fundamental change to geometry, interactions such 
as grouping sketches or anything that does not work towards changing the 
geometry will not be included as step. Each test was done three times and the 
average time was put forward for ranking. 
Intellectual load was rated on the amount of interaction the user has to put in to 
completing a process, for example having to draw a shape manually was given a 
lower rank whereas being able to automatically generate a shape within the CAD 
environment afforded a higher rank. This criterion was a subjective value for 
assessment as intellectual load is based somewhat upon opinion; some users may 
find creating certain features more or less laborious than others may. The result 
was converted to a choice of high, medium or low to allow the result to be 
quantified. 
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Certain processes were also rated on the similarity of the resulting geometry to the 
design intent. This is another subjective criterion, as the opinion as to how well a 
resulting part resembles the design intent set out at the start of the test will vary 
from person to person. The resulting choice was given a percentage based on a 1 to 
10 scale, 100% being an exact representation of design intent and 10% being a very 
poor representation of the intent. 
Each of the criteria was given a rank order scale from 1 to 3, 1 being the best and 3 
being the poorest, creating a parameter for comparison between the three CAD 
archetypes. These results were collected and entered into the table shown in in 
Table 2: Result table for testing. To avoid results becoming clouded by the 
subjective criteria a single user conducted all of the tests, namely the researcher 
conducting this study.   
Table 2: Result table for testing 
Criteria Result  Rank 
Time 
 
  
Steps 
 
  
Intellectual Load 
 
  
Design Intent 
 
  
 
4.2.3 CAD System Choices 
Based on the literature in Section 2.5.2, one CAD system was chosen to represent 
each of the three archetypes. The following details the system selection and the 
reasoning behind them. Each of the CAD systems chosen for this study is a hybrid in 
some way, but in an attempt to gain as much variety as possible, each system will 
be used as an inherently Parametric, NURBS or Polygon package where available 
Due to years of personal experience with the software, the system chosen to 
represent parametric modelling was Creo 2.0 (PTC Inc, 2012), a solid feature-based 
modelling system and descendent of Pro Engineer. This system was readily available 
in full capacity (in Loughborough Design School) meaning no special purchases or 
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outsourcing were required. Other examples of solid modelling systems include 
Solidworks (Dassault Systèmes, 2013), NX (Siemens, 2013) and Catia (Dassault 
Systèmes 2013). 
Rhino 5 (Robert McNeel & Associates, 2013) is one of the more flexible, affordable 
and widely available surface (NURBS) modellers on the market. It was decided that 
this package would be used to represent surface modelling due to a large 
community following creating numerous plugins that can improve the efficiency and 
options for producing geometry. This package is also readily available and many of 
the plugins for the system are freely available online. Another option could have 
been Autodesk Alias (Autodesk 2015). 
Autodesk 3DS Max will be used to represent polygon modelling. Commonly used for 
creating 3D animations, video game models and architectural projects, its mesh-
based geometry representation will be advantageous for testing.   
4.2.4 Initial Testing 
 
All tests were performed on the same PC with the following specification: 
HP Compaq 8200 Elite MT PC 
Windows 7 Enterprise (64bit) 
Intel Core i5 – 2400 CUP (3.10GHz, 4 Cores, 4 Logical Processors) 
4 GB Physical RAM 
Intel HD Graphics internal GPU (Approx. 1700 MB Memory)  
 
The flow charts detailing the steps taken in each test can be found in Appendix I.I. 
 
Design Intent 
The design intent for this test is shown in Figure 56. It is worth noting that the 
Chamfer is purely a design choice and bares no effect on the function of the 
Variable Directional Stiffness groove.  
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Figure 56: Design intent for the initial tests 
Robust Structure 
In order to test each of the system’s ability to represent robust structure a rectangle 
surface patch of 60mm x 100mm native to their respective environment. A method 
of checking the robustness will then be performed revolving around the STL file 
format. 
 
Figure 57: (top) Creo result of robust structure test (bottom) export STL parameters    
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In a solid modelling environment, these types of features are created by extruding a 
sketch. An invalid model will not successfully convert to an STL in Creo, so this 
conversion was used to test the validity of the model. In terms of solid modelling 
this is the most efficient method of completing this aspect of the CAD criteria. The 
outcome of this test is shown in Figure 57 and the results are collected in Table 3. 
Table 3: Creo robust structure test result 
Criteria Result Rank 
Time 
Test 1 00:40 
2 
Test 2 00:48 
Test 3 00:39 
Average 00:42 
Steps 3 1 
Intellectual Load Low 1 
Design Intent 100% 1 
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Figure 58: (top) Rhino result of robust structure test (bottom) STL configuration for test 
As with solid modelling, invalid surface models will not successfully convert to an 
STL file. In order to assess the validity of the model, the part was exported to a STL 
file in Rhino, which completed successfully. The outcome is shown in Figure 58 and 
the results collected in Table 4. 
 
 
First Study: a Comprehensive Review of Current CAD Environments 
 
 
 
 
119 
 
 
Table 4: Rhino robust structure test result 
Criteria Result Rank 
Time 
Test 1 01:10 
3 
Test 2 00:47 
Test 3 00:49 
Average 00:55 
Steps 5 3 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 59: 3DSMax result of robust structure test 
In a mesh modelling environment these types of features are created from 
primitives, in this case a plane. 3DS Max has a tool called STL check, which was used 
to test the validity of the model. In terms of mesh modelling, this is possibly the 
simplest operation a user can apply to complete this aspect of the CAD criteria. The 
outcome of this test is shown in Figure 59 and the results compiled in Table 5. 
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Table 5: 3DSMax robust structure test result 
Criteria Result Rank 
Time 
Test 1 00:33 
1 
Test 2 00:30 
Test 3 00:27 
Average 00:30 
Steps 4 2 
Intellectual Load Low 1 
Design Intent 100% 1 
 
Any STL checking software package can be used to further assess the validity of a 
mesh. 
Variation of Directional Stiffness  
For testing Variation of Directional Stiffness, a curved channel is cut down the 
centre of the part made in the robust structure test. This will again be performed in 
the method closest to their native CAD archetype to preserve the validity of the test.  
 
Figure 60: Creo result of Variation of Directional Stiffness test 
A second feature was created by extruding a sketch as well as employing the 
Chamfer and Round tools. In a solid environment, it is unlikely that a more efficient 
option to create this process is available. The outcome of this test is shown in Figure 
60 and the results collected in Table 6. 
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Table 6: Creo Variation of Directional Stiffness test result 
Criteria Result Rank 
Time 
Test 1 01:25 
1 
Test 2 01:05 
Test 3 01:01 
Average 01:10 
Steps 5 1 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 61: Curves used to construct geometry and the Rhino result of Variation of Directional Stiffness 
test 
In a departure from the previous method, when creating Variation of Directional 
Stiffness by surfacing, the geometry as created in the profile of the section was 
swept along two rails. This was repeated for each section of the geometry before 
capping any holes. The outcome of this test is shown in Figure 61 and the results 
collected in Table 7. 
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Table 7: Rhino Variation of Directional Stiffness test result 
Criteria Result Rank 
Time 
Test 1 02:55 
2 
Test 2 02:38 
Test 3 02:27 
Average 02:40 
Steps 5 1 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 62: 3DSMax result of Variation of Directional Stiffness test 
As with surfacing above, to create Variation of Directional Stiffness in the mesh 
environment via polygon modelling, an initial sketch was created and a sweep 
performed to form the channel. From here selecting and dragging edges to create 
additional polygons with good topology was required. As the mesh modelling 
process in more user involved than parameter driven, this test required a large 
number of steps and placed a high level of Intellectual Load on the user. The 
outcome of this test is shown in Figure 62 and the results collected in Table 8. 
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Table 8: 3DSMax Variation of Directional Stiffness test result 
Criteria Result Rank 
Time 
Test 1 10:04 
3 
Test 2 09:23 
Test 3 09:13 
Average 09:33 
Steps 21 3 
Intellectual Load High 3 
Design Intent 80% 2 
 
Anatomical Form  
To test the CAD systems’ ability to represent patient’s biometric scan data, a mock 
up model was created. A human mannequin model was downloaded from 
GrabCAD.com (GrabCAD 2009) and trimmed down until only the thigh, knee and 
shin was left. This model was then taken into Geomagic Freeform Modelling Plus 
(Geomagic 2013), and the end was filled with Freeform’s digital clay before 
sculpting the area to give the appearance of a healed residual limb. This was then 
exported as a STL for this test. 
 
Figure 63: Creo result of anatomical form test 
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Parametrically, accessing the scan was as simple as opening any other type of file. In 
this case the test was performed by going to File > Open > if needed, locate the 
directory where Anatomical Form.stl is > chose STL from the file type dropdown 
menu > select Anatomical Form.stl > Open. The outcome of this test is shown in 
Figure 63 and the results collected in Table 9. 
Table 9: Creo anatomical form test result 
Criteria Result Rank 
Time 
Test 1 00:05 
1 
Test 2 00:05 
Test 3 00:05 
Average 00:05 
Steps 2 1 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 64: Rhino result of anatomical form test 
With NURBS it was again a simple case of opening the scan STL as any other type of 
file. Rhino also provides the option of importing models into the existing workspace 
should the user desire. The outcome of this test is shown in Figure 64: Rhino result 
of anatomical form test and the results collected in Table 10. 
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Table 10: Rhino anatomical form test result 
Criteria Result Rank 
Time 
Test 1 00:05 
1 
Test 2 00:05 
Test 3 00:05 
Average 00:05 
Steps 2 1 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 65: 3DSMax result of anatomical form test 
The mesh enviroment also performed this test well, much in the same manner as 
the other two systems. It is worth noting that there is no superior method for 
representing Anatomical Form across the three systems. The outcome of this test is 
shown in Figure 65 and the results collected in Table 11. 
Table 11: 3DSMax anatomical form test result 
Criteria Result Rank 
Time 
Test 1 00:05 
1 
Test 2 00:05 
Test 3 00:05 
Average 00:05 
Steps 2 1 
Intellectual Load Low 1 
Design Intent 100% 1 
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Multiple Materials  
At the current state-of-the-art, there is no dedicated method of representing FGMs 
within the three CAD environments, so that has been excluded from current testing. 
Instead, the goal was to test the ability to represent discrete multiple material 
regions. The discrete material regions were created with arbitrary splines in all 
three environments and the systems will not be ranked based on the number of 
material grades.  
 
Figure 66: Creo result of multiple materials test 
Once again, extrusion is used to divide the part up into material shells. Once 
reassembled each piece is coloured to show that it is a different material grade. Due 
to the large number of steps it takes to represent multiple materials in a solid 
modelling environment, it has a very low efficiency rank. The outcome of this test is 
shown in Figure 66 and the results collected in Table 12. 
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Table 12: Creo multiple material test result (where n is the number of material shells) 
Criteria Result Rank 
Time 
Test 1 11:24 
3 
Test 2 15:12 
Test 3 12:48 
Average 13:08 
Steps 15 (5n) 2 
Intellectual Load High 3 
Design Intent 100% 1 
 
 
Figure 67: Rhino result of multiple material test 
Splines were used to divide the part up into various pieces by using them to split the 
surface. Once split, the resulting shape was capped to fill in all the edges. The 
outcome of this test is shown in Figure 67 and the results collected in Table 13. 
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Table 13: Rhino multiple material test result 
Criteria Result Rank 
Time 
Test 1 1:38 
1 
Test 2 1:35 
Test 3 1:42 
Average 1:38 
Steps 10(2+n+n) 1 
Intellectual Load High 3 
Design Intent 100% 1 
 
 
Figure 68: 3DSMax result of multiple material test 
Splines were also used to slice up the mesh into different sections here. Once the 
cuts had been made, the remaining elements were ‘detached’, creating a separate 
mesh for each material section. Again, each section was coloured to represent the 
material grade. This still requires the operation to be repeated for each material 
section. The outcome of this test is shown in Figure 68 and the results collected in 
Table 14. 
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Table 14: 3DSMax multiple material test result 
Criteria Result Rank 
Time 
Test 1 6:05 
2 
Test 2 5:12 
Test 3 4:56 
Average 5:24 
Steps 18 (5n) 3 
Intellectual Load High 3 
Design Intent 100% 1 
 
When printed on a multiple material AM machine each shell is given its intended 
material property (e.g. using Objet Studio). 
Porosity for Comfort 
For this test, the pore size was given the arbitrary value of a 2mm diameter hole. 
This size was chosen purely to provide a visual representation of what a porous 
surface may look like whilst keeping within the possibilities of scale that current 
CAD systems can represent. A surface of the test patch was populated with these 
holes to represent porosity. 
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Figure 69: (top) Creo result of porosity test (bottom) the parameters for the pattern tool. 
This feature is created by patterning an extrusion. After extruding a single pore, the 
user can define an area and density of pattern repetition, allowing a variable porous 
structure. While it takes a number of steps to complete, the ability to define an area 
and then vary the density of porosity via adjustable parameters makes this method 
desirable. The pattern fills the specified area. The outcome of this test is shown in 
Figure 69 and the results collected in Table 15. 
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Table 15: Creo porosity test result 
Criteria Result Rank 
Time 
Test 1 01:33 
1 
Test 2 01:15 
Test 3 01:21 
Average 01:23 
Steps 5 2 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 70: Rhino result of porosity test 
Rhino has the ability to array a poly surface across a second poly surface. Using this 
method to create porosity, a cylindrical poly surface was arrayed across the area 
and subtracted using a Boolean difference. This process includes the outer 
boundary of the surface, meaning that some of the poly surfaces overlapped the 
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area and had to be manually deleted from the array before subtraction. The 
outcome of this test is shown in Figure 70 and the results collected in Table 16. 
Table 16: Rhino porosity test result 
Criteria Result Rank 
Time 
Test 1 01:51 
2 
Test 2 01:45 
Test 3 01:43 
Average 01:46 
Steps 5 2 
Intellectual Load Mid 2 
Design Intent 90% 2 
 
 
Figure 71: 3DSMax result of porosity test 
When meshing, the creation of topology is important when creating a part. The 
polygons that were to become pores were inset and the interior deleted. The two 
sides of the surface where then bridged to close the mesh. Smoothing groups can 
be used to round off the pores, but the additional steps and intellectual load were 
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deemed too high for this phase of testing. Instead the test was given a lower rank 
for Design Intent. The outcome of this test is shown in Figure 71 and the results 
collected in Table 17. 
Table 17: 3DSMax porosity test result 
Criteria Result Rank 
Time 
Test 1 03:25 
3 
Test 2 03:17 
Test 3 03:09 
Average 03:17 
Steps 4 1 
Intellectual Load High 2 
Design Intent 70% 2 
 
Lattice Structure  
The shape of the latticing for this test was inspired by various AM fabricated 
prosthetics, orthotics and wrist splints by designers such as Paterson (2013), Evill 
(2013) and Exovite (2015). 
 
Figure 72: Creo result of lattice structure test (step number in brackets) 
Another feature that is created by sketching and extrusion, the design choice of 
structural latticing was inspired by non-uniform porous structures in the natural 
world. While this method takes a small number of steps, sketching the porosity by 
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hand took a large amount of time, making this a less efficient step then it appears. 
Sketching by hand also introduces a high amount of variance in design, though the 
non-uniform nature of this feature could make this an advantage. The outcome of 
this test is shown in Figure 72 and the results collected in Table 18. 
Table 18: Creo lattice test result 
Criteria Result Rank 
Time 
Test 1 07:48 
2 
Test 2 06:52 
Test 3 07:29 
Average 07:23 
Steps 3 1 
Intellectual Load High 3 
Design Intent 100% 1 
 
 
Figure 73: Rhino result of lattice structure test 
As with Creo, the latticing in Rhino had to be manually sketched. This once again 
creates a process that takes a long time, with a high intellectual load and the need 
to Boolean Difference the design from the poly surface which adds an additional 
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step to an already inefficient process. The outcome of this test is shown in Figure 73 
and the results collected in Table 19. 
Table 19: Rhino lattice test result 
Criteria Result Rank 
Time 
Test 1 08:26 
3 
Test 2 08:15 
Test 3 08:38 
Average 08:26 
Steps 3 1 
Intellectual Load High 3 
Design Intent 100% 1 
 
 
Figure 74: 3DSMax result of lattice structure test 
As with the creation of pores the correct topology was selected and detached from 
the main mesh. 3DS Max has a function called ‘Generate Topology’ that can be used 
to subdivide a polygon into various different shapes and patterns. This option 
allowed the latticing to be generated and inset by generation instead of drawing the 
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shapes manually, making for a much more time efficient process. The outcome of 
this test is shown in Figure 74 and the results collected in Table 20. 
Table 20: 3DSMax lattice test result 
Criteria Result Rank 
Time 
Test 1 05:46 
1 
Test 2 05:37 
Test 3 05:31 
Average 05:38 
Steps 7 2 
Intellectual Load High 3 
Design Intent 80% 2 
 
Cell Channels 
Once again, for this test an arbitrary value of 0.05mm was chosen for the depth and 
thickness of the cell channels. The length of each channel was defined as 3mm in 
the hope of addressing the issue of scale, one of the research aims. (Page 16)  
 
Figure 75: Creo result of cell channels test (step number in brackets) 
Yet another feature that can be created via sketching and extrusion, in order to test 
the multi scale aspect of the software are cell channels which were sketched on a 
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much smaller scale then the rest of the features in the model. The outcome of this 
test is shown in Figure 75 and the results collected in Table 21. 
Table 21: Creo cell channel test result 
Criteria Result Rank 
Time 
Test 1 00:21 
2 
Test 2 00:24 
Test 3 00:22 
Average 00:22 
Steps 2 1 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 76: Rhino result of cell channels test 
This feature was created in a very similar way to the solid method above, by 
sketching the cell channel and extruding it before subtracting it from the model. 
The outcome of this test is shown in Figure 76 and the results collected in Table 22. 
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Table 22: Rhino cell channel test result 
Criteria Result Rank 
Time 
Test 1 00:21 
1 
Test 2 00:18 
Test 3 00:19 
Average 00:19 
Steps 3 2 
Intellectual Load Low 1 
Design Intent 100% 1 
 
 
Figure 77: 3DSMax result of cell channels test 
Offsetting and polygon manipulation were again used to create this feature in the 
mesh environment. The outcome of this test is shown in Figure 74 and the results 
collected in Table 23. 
Table 23: 3DSMax cell channel test result 
Criteria Result Rank 
Time 
Test 1 03:16 
3 
Test 2 03:14 
Test 3 03:18 
Average 03:16 
Steps 9 3 
Intellectual Load Mid 2 
Design Intent 100% 1 
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Active surfaces 
A simple test for active surfaces is altering some aspect of the metadata of a surface, 
as the intention is to represent active surfaces in data within the future CAD system. 
 
Figure 78: Creo result of active surfaces test (step number in brackets) 
In order to represent active surfaces in a solid modelling environment, Creo’s 
Appearance Manager was used. In the same manner that the Appearance Manager 
can be used to alter the material and colour of a surface, the intended CAD system 
could use a similar process to define surfaces that will have active properties. This is 
a relatively straightforward method of representing this, giving it a high efficiency 
rank. The outcome of this test is shown in Figure 75 and the results collected in 
Table 24. 
Table 24: Creo active surfaces test result 
Criteria Result Rank 
Time 
Test 1 00:04 
1 
Test 2 00:02 
Test 3 00:03 
Average 00:03 
Steps 2 1 
Intellectual Load Low 1 
Design Intent 100% 1 
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Figure 79: Rhino Result of Active Surfaces Test 
For NURBS, the surfaces that were intended to be active were extracted from the 
polysurface and moved to a different layer, altering their metadata and changing 
their colour in the UI. The outcome of this test is shown in Figure 79 and the results 
collected in Table 25. 
Table 25: Rhino active surface test result 
Criteria Result Rank 
Time 
Test 1 00:14 
2 
Test 2 00:12 
Test 3 00:12 
Average 00:12 
Steps 2 1 
Intellectual Load Low 1 
Design Intent 100% 1 
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Figure 80: 3DS Max result of active surfaces test 
As with the solids environment, the appearance of the polygon that represents an 
active surface was altered. This is useful as each surface of a part is made up of a 
number of polygons, allowing specific sections to be grouped and altered without 
having to perform additional cuts or subtractions. The outcome of this test is shown 
in Figure 77 and the results collected in Table 26. 
Table 26: 3DSMax active surfaces test result 
Criteria Result Rank 
Time 
Test 1 00:29 
3 
Test 2 00:26 
Test 3 00:25 
Average 00:26 
Steps 3 2 
Intellectual Load Low 1 
Design Intent 100% 1 
 
Table 27 shows a comparison of the results of all the initial tests for ease of reading.  
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Table 27: Results of initial testing grouped 
CAD Criteria Test Criteria  B-Rep NURBS Mesh 
Robust Structure 
Time 2 3 1 
Steps 1 3 2 
Intellectual load  1 1 1 
Design Intent  1 1 1 
Variable Directional Stiffness 
Time 1 2 3 
Steps 1 1 3 
Intellectual load  1 1 3 
Design Intent  1 1 2 
Anatomical Form 
Time 1 1 1 
Steps 1 1 1 
Intellectual load  1 1 1 
Design Intent  1 1 1 
Multiple Materials 
Time 3 1 2 
Steps 2 1 2 
Intellectual load  3 3 2 
Design Intent  1 1 1 
Porosity for Comfort 
Time 1 2 3 
Steps 2 2 1 
Intellectual load  1 2 2 
Design Intent  1 2 2 
Lattice Structure 
Time 2 3 1 
Steps 1 1 2 
Intellectual load  3 3 3 
Design Intent  1 1 2 
Cell Channels 
Time 2 1 3 
Steps 1 2 3 
Intellectual load  1 1 2 
Design Intent  1 1 1 
Active Surfaces 
Time 1 2 3 
Steps 1 1 2 
Intellectual load  1 1 1 
Design Intent  1 1 1 
 TOTAL 43 49 59 
 1's 24 20 13 
 2's 5 7 11 
 3's 3 5 8 
 
After the initial testing, the solids environment appears to have performed the best, 
having the lowest overall rank and the highest number of rank 1 results. The NURBS 
environment came in second, again scoring a large number of rank 1 results. The 
Mesh environment suffered, with a high overall rank and the lowest number of rank 
1 results. 
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4.2.5 Further Testing 
Following on from the initial testing, certain steps of the criteria were taken for 
further detailed testing. Due to the nature of a prosthetic interface, testing the CAD 
criteria on flat square patches is not sufficiently challenging, as the intended end 
use will likely be working with compound and complex curved surfaces. To rectify 
this, a second round of testing was conducted on three of the CAD criteria: Porosity 
for Comfort, Lattice Structure and Cell Channels.  
Porosity for Comfort 
In the initial test of Porosity for Comfort an arbitrary pore size of 2mm diameter was 
used, which is larger than the actual size of a pore found in breathable textile 
technologies. Transparency Market Research (2016) state that “For a highly dense 
type of waterproof breathable textiles, the standard pore size of is about 10 μm, 
while that of conventional fabric is 60 μm.” In an attempt to gauge a more realistic 
value of pore size possible in current CAD systems, as well as how closely populated 
the pores can be in any defined area, this test populated a 40 mm square 
compound curved patch with the smallest possible diameter pore the system would 
allow before failing. All of the criteria for this test are quantifiable and again a 
ranked scale system from 1 to 3 is applied. 
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Figure 81: Creo result of second porosity test at the pattern tool parameters 
With Creo, the system managed to generate its smallest pore at 9μm, an 
unexpectedly small dimension outcome. In the distribution test, it took on average 
3:32 minutes to populate the surface patch with over 900 pores distributed at 1 mm 
centre spacing. It is worth noting that the test was also performed at 0.5mm 
spacing but the system crashed after 22 minutes having generated over 3400 pores. 
The progress bar showed that regeneration was two-thirds of the way to 
completion, so it can be theorised that 0.5mm distribution would have taken 
around 40 minutes and produced almost 5000 pores. The outcome of this test is 
shown in Figure 81 and the results collected in Table 28. 
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Table 28: Creo second porosity test result 
Criteria Result Rank 
Time to Gen 
Test 1 3:32 
2 
Test 2 3:26 
Test 3 3:39 
Average 3:32 
Smallest Pore 9μm 2 
Distribution 1mm 1 
File Size 13,212 KB 1 
 
 
 
Figure 82: Rhino result of second porosity test 
In this second phase of testing, Rhino produced the best results. The test was 
stopped when the system successfully represented the pore size of 1μm diameter 
due to it surpassing Creo by a substantial value, but the system showed signs of 
being able to go to even smaller dimensional values. The speed in which it 
generated these small size pores was also much quicker, taking an average of 13 
seconds. The resulting file size is much larger than Creo, but this could be expected 
due to the much smaller size of the pores being represented, so Rhino’s larger file 
size result is ultimately a subjective one, as the Rhino result provides greater 
accuracy of design intent. The outcome of this test is shown in Figure 82 and the 
results collected in Table 29. 
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Table 29: Rhino second porosity test result 
Criteria Result Rank 
Time to Gen 
Test 1 0:12 
1 
Test 2 0:16 
Test 3 0:12 
Average 0:13 
Smallest Pore 1μm 1 
Distribution 1mm 1 
File Size 50,980 KB 2 
 
 
Figure 83: 3DSMax result of the second porosity test 
3DSMax did not perform well in this test. The smallest pore that could successfully 
be subtracted from the mesh had a diameter of 0.1mm, but when this pore was 
arrayed across the surface, even at a distribution of 6.5mm the mesh would create 
rogue polygons and other errors when subtracting the array from the mesh. It was 
decided to abandon the test at this point. The outcome of this test is shown in 
Figure 83 and the results collected in Table 30. 
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Table 30: 3DSMax second porosity test result 
Criteria Result Rank 
Time to Gen 
Test 1 N/A 
3 
Test 2 N/A 
Test 3 N/A 
Average N/A 
Smallest Pore 0.1mm 3 
Distribution Failed 3 
File Size N/A 3 
 
Lattice Structure and Porosity for Comfort 
Along with attempting to define porosity on a more realistic scale, the arbitrary test 
value for porosity was also repeated on a compound curved surface alongside the 
latticing structure. These features will need to follow the curvature of a surface in 
the intended CAD model, so testing the various systems ability to represent this 
provided a more accurate assessment than the previous test, but utilises the same 
testing criteria. 
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Figure 84: Creo result of improved porosity and lattice test (step number in brackets) 
With the porosity test this time around, it was discovered that Creo has the option 
to follow a surface when patterning. Applying this with the area fill option allowed 
for a perfect representation of design intent, with each pore being normal to the 
surface at its centre. The Offset command had to be used for extruding on a curved 
surface; this method is performed in the same way as the standard extrusion but 
has a higher rate of failure when generating the feature. It should also be noted 
that it is not possible to extrude through a part, so once the cut was through the 
existing surface, it created geometry in the shape of each lattice cavity on the other 
side of the patch. To rectify this, these unnecessary geometries were extruded away 
from above, adding another step to the process order. The outcome of this test is 
shown in Figure 84 and the results collected in Table 31. 
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Table 31: Creo improved porosity and lattice test result 
Criteria Result Rank 
Time 
Test 1 10:36 
2 
Test 2 9:53 
Test 3 8:23 
Average 9:37 
Steps 6 2 
Intellectual Load High 3 
Design Intent 100% 1 
 
 
Figure 85: Rhino result of improved porosity and lattice test 
While working with the new curved patch in Rhino, the ‘squish’ command was 
explored for creating curves that could be offset from geometry. The ‘squish’ 
command flattens a 3D surface patch into a 2D representation. In place of creating 
an array of cylinders and performing a Boolean subtraction like the previous test, 
the surface that was intended to be porous was ‘squished’ instead. This provided a 
flat surface that was the same dimension as the curved surface, allowing simpler 
curve application and operations. An array of 2mm diameter circle curves was 
projected onto the ‘squished’ surface before the ‘squish back’ command was used; 
this mapped the array of curves onto the original curved surface, following its 
contour perfectly. The curves can then be used to split the surface before offsetting 
it to thicken and create the geometry. This process was repeated for the Lattice 
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Structure, but in place of the array of curves, the cavities were hand sketched on 
the ‘squished’ surface. The outcome of this test is shown in Figure 85 and the 
results collected in Table 32. 
Table 32: Rhino improved porosity and lattice test result 
Criteria Result Rank 
Time 
Test 1 12:19 
3 
Test 2 11:47 
Test 3 12:25 
Average 12:20 
Steps 15 2 
Intellectual Load High 3 
Design Intent 100% 1 
 
 
Figure 86: 3DSMax result of improved porosity and lattice test 
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This second test was performed in a similar manner to the NURBS solution, with 
careful consideration being paid to topology. After extruding the curve and 
segmenting it to produce a number of square shaped polygons, the polys were inset 
to create the pores. As mentioned at the end of the initial mesh test for porosity 
(Page 136) a ‘turbo smooth’ modification was applied to these polys to round off 
the pores. Some reconstruction of topology was requited before the lattice could be 
made; this was again done via the ‘topology generation’ function seen in the earlier 
lattice mesh step. Once all the geometry was constructed the edges were extruded 
and the holes capped. The outcome of this test is shown in Figure 86 and the results 
collected in Table 33. 
Table 33: 3DSMax improved porosity and lattice test result 
Criteria Result Rank 
Time 
Test 1 07:39 
1 
Test 2 07:27 
Test 3 07:03 
Average 07:23 
Steps 11 2 
Intellectual Load Mid 3 
Design Intent 100% 1 
 
Cell Channels 
As with Porosity for Comfort, the Cell Channel test was initially conducted with an 
arbitrary value. Informed by the work of Pardo-Figuerez (2016) in the research 
cluster, she used two different kinds of slide for directing the growth of neurites. 
One slide had 5μm2 channels and another had 20μm2 channels. It was discovered 
that neurites grow well and straight in a 20μm2 channel (Figure 87) so, following 
this discovery it was agreed that the size of the cell channels would be 20μm square. 
The necessary length remained undefined. This second test attempted to get as 
close to this specified size as possible. It was performed on a complex curved patch 
of 40mm in length. Two channels, one straight and one arbitrarily curved were cut 
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into the surface to see if there is any variance in result. These criteria along with 
steps are quantifiable once again while intellectual load remains subjective. 
 
Figure 87: Slide for directing neurite growth and the resulting cell growth - Pardo-Figuerez (2016) 
 
Figure 88: Creo result of improved cell channels test 
In place of the extrusion used to perform this feature in the initial Creo test, the cell 
channels were cut with sweeps in this second phase. In order to create the path for 
the sweeps, a curve had to be projected onto the complex curved surface, one 
straight and one curved. Once this step was completed, it was simply a matter of 
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sketching a square that will be used at the cutting profile. The outcome of this test 
is shown in Figure 88 and the results collected in Table 34. 
Table 34: Creo improved cell channel test result 
Criteria: Result  Rank 
Straight Channel 0.015mm 2 
Curved Channel 0.02mm 2 
Intellectual Load Low 1 
 
 
 
Figure 89: Rhino result of improved cell channels test 
This second test required additional steps with Rhino. As with Creo, the two curves 
must first be projected onto the surface. The small size squares must then be 
sketched at the top of these curves with the viewpoint normal to the end-point of 
the curves. Once this has been completed, the command ‘extrude curve along curve’ 
was used to project the small square along the curve that follows the surface. These 
extrusions can then be Boolean subtracted from the initial complex curve patch to 
produce the channels. An alternative method to create a channel is by sketching the 
top profile of the patch with the intended channel size already cut into the surface 
profile. This can then be swept using the ‘sweep 1 rail’ command to sweep this 
profile along a curve that represents the intended shape. This method is a lot 
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quicker, but only works for straight cell channels. The outcome of this test is shown 
in Figure 89 and the results collected in Table 35. 
Table 35: Rhino improved cell channel test result 
Criteria: Result  Rank 
Straight Channel 0.005mm 1 
Curved Channel 0.005mm 1 
Intellectual Load Mid 2 
 
 
Figure 90: 3DSMax result of improved cell channels test 
Along with the second porosity test, 3DSMax also struggled to perform here, only 
being able to represent the straight cell channel successfully. This feature was 
created in the same manner as Rhino, by Boolean subtracting a custom primitive 
from the main body. It is worth noting the lip visible on the zoomed in view. 
However, this may be an error on the graphical display rather than a failed mesh as 
it is rare that such a small operation would be conducted on such a large mesh.  The 
outcome of this test is shown in Figure 90 and the results collected in Table 36. 
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Table 36: 3DSMax improved cell channel test result 
Criteria: Result  Rank 
Straight Channel 0.015mm 2 
Curved Channel N/A 3 
Intellectual Load Mid 2 
 
4.2.6 Preliminary Result 
 
Following the first two stages of testing, the hybrid process order that can be used 
to represent how current CAD technologies can best match the desired CAD criteria 
outlined in Section 4.2.1 has been devised. Each step of the criteria is performed in 
an arbitrary order that is close to that of the CAD Criteria unless a particular step or 
feature must come before or after another. Each time a change in CAD system is 
required, the IGES file format would be used. 
 
For representing Anatomical Form Rhino was selected. The surface model 
environment is desirable for providing the ability to sketch and project curves as 
well as simple mesh divisions, allowing the socket form to be taken straight from 
the patient’s biometric scan data. This surface can then be thickened by offsetting 
the surface outwards, creating the basic shape of the patient’s socket. This is then 
saved as an IGES file for transfer to the next step 
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Variation of Directional Stiffness is performed in Creo by projecting curves onto the 
sockets exterior surface and using a sweep to cut the channels that will eventually 
allow the socket to flex in certain directions. The edges of the channels are then 
chamfered to tidy up the appearance. These alterations are saved to the IGES file 
for transfer. 
 
Rhino’s ability to sketch directly onto curved surfaces (_InterpcrvOnSrf) made it the 
best choice for representing Multiple Materials in the hybrid system. The user can 
define a region that needs to be of a different material, and once it is offset, it can 
be saved as its own IGES file. These can be later reassembled in Creo, which is a 
necessary step for printing in multiple materials on machines such and the Objet 
Connex line of machines. 
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Despite its poorer performance in the second phase porosity for comfort test, the 
simplicity and aesthetically pleasing result that Creo’s patterning function provides 
resulted in it being selected over Rhino for the Porosity for Comfort step. Once 
porous areas have been defined, the geometry is once again saved as an IGES file 
for transfer. 
 
Probably the most unique step in the process order, the step allows the 
advantageous ‘topology generation’ found in 3DSMax to be used alongside Rhino’s 
superior surface operations. By saving the result of performing ‘topology generation’ 
on a 2D patch in 3DSMax as a DXF file, the mesh can be imported into Rhino and 
used to generate curves for splitting the mesh alongside the ‘‘squish’’ command, 
saving on the heavy intellectual load testing which was found was nesessary to 
perform this step in Creo and Rhino. 
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Creo stood out in simplicity and accuracy over the other two systems for defining 
Cell Channels and Active Surfaces in both rounds of testing, so it was chosen as the 
most desirable method for representing these two steps in the hybrid process order. 
It is worth noting however that the smallest value Creo will allow the user to define 
for a length is 5μm, 2μm larger than the desired channel width of 3 μm. 
 
The final step in the process order was given to 3DSMax to represent the finished 
part’s Robust Structure. This was purely based on it having an in built STL checker, 
removing the need to use third party software for this step. Rhino also incorporates 
mesh checking and mesh fixing functions, but they are far more complex and 
require a higher intellectual load, meaning 3DSMax was chosen over Rhino.  
4.2.7 Application of Control Model to Anatomical Form 
Having conceived the control process order from the various methods used in 
testing, it was applied to its intended end use; modelling an interface for an 
amputee. Using the model generated for the Anatomical Form test as a base, each 
step of the process order was applied in an attempt to produce a successful 
example of a next generation interface for a transtibial amputee. 
Preparing the Anatomical Form 
Taking the representation of a residual limb built for the anatomical form test 
(Figure 63), the anatomical form STL model was taken into Geomagic Studio and run 
through the ‘Autosurfacing’ function to create a NURBS model that can be saved as 
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an IGES ready for use in Rhino. It is worth noting at this point that this model has 
184 NURBS surface patches. 
Taking the model over to Rhino, it was split with a curve around the knee geometry 
to create the interior surface of the socket, as close to the patient’s geometry as 
possible. This is where the first issue with the above process appears. By thickening 
the surface to create the socket geometry, each of the 184 surface patches 
becomes a network of six sided shapes building up the surface geometry. When 
saving this as an IGES file and transferring to Creo to perform the next step of the 
process, Creo recognises the geometry as a collection of surfaces and not a solid 
model. This means that any parametric modelling features cannot be performed on 
this model. 
To rectify this, a step back was taken and the Anatomical Form model was again 
split in Rhino, but saved as an IGES at this point while it was still a surface. When 
this model is imported into Creo and the 3D geometry is generated using the 
thicken command. This creates a 3D socket shell that is a Solid model, allowing for 
solid modelling features to be applied to the model. 
 
Now that Creo has a workable model in the solid environment, the next step was to 
apply the Variable Directional Stiffness curves. Projecting the Variable Directional 
Stiffness curves onto the surfaces became the next issue to arise in the process 
order as Creo treats all 184 surface patches as an individual surface, meaning that 
each surface that the curve will lay on has to be individually picked within the 
projection feature. This increases the time taken and intellectual load per feature 
reducing the overall efficiency of the process.  
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The Variable Directional Stiffness socket was saved as an IGES file and processed in 
Rhino to perform the Multiple Material steps. The issue of the large number of 
surface patches (Figure 91) again caused a similar problem to projecting the 
Variable Directional Stiffness curves in Creo, again increasing time taken and 
intellectual load. Another problem this could cause in the multiple material areas is 
that a tiny surface patch could be created and potentially missed when selecting 
surface patches for thickening or removing, potentially leaving gaps in the volume. 
 
Figure 91: Initial Creo Variable Directional Stiffness socket model, green lines show that the model is 
constructed of numerous separate geometries 
Following the completion of the multiple material steps, the model was again saved 
as an IGES file for transfer back to Creo, where once again, the issue of surface built 
IGES files are not represented as solids. This can be solved in a number of ways, for 
example, shrink wrapping the IGES file in Creo before opening the shrink wrap file 
and solidifying it, but this would become tedious as the designer goes through each 
step where the process order changes system. 
At this point, it was decided that the preparation of the model needed to be altered 
and the process order needed to be changed.  
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To address the issue in model preparation, the original anatomical form STL file was 
taken back into Geomagic Studio. Instead of ‘Autosurfacing’ the model, this time 
the surfacing was conducted manually via the exact surfacing tool. After importing 
the STL model of the Anatomical form, the first step was to detect the contours of 
the model. This was done as one region. The next step subdivided the contours, this 
was done automatically by the system but the user can define their own contour 
lines if they wish. These contour lines are then used in the patch construction step. 
The user can specify the minimum number of patches they want and the system will 
try its best to conform to this (Figure 92). In this example, the model was reduced to 
10 patches. Optional steps can be made to relax the patches, improving the 
accuracy of the NURBS object. This new reduced NURBS model was the exported as 
an IGES file for testing. 
 
Figure 92: Screenshot of Geomagic manual surfacing result, target surface patch count was 1, 
resulting surface patches is 10 
Reordering the Process Steps 
Once the issues with the anatomical form model were addressed, the next step was 
to change the process order to reduce the number of IGES file changes, in turn 
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reducing the non-compatibility issues Creo has with Rhino’s surface models. The 
first step involving Rhino to Creo conversion was left as it was, due to Creo being 
capable of creating the solid model at this stage. From this point on the order was 
altered so all the steps involving Creo were grouped together, Variation of 
Directional Stiffness remained in the same place, but Porosity for Comfort, Cell 
Channels and Active Surfaces  were moved up the order, allowing all solid based 
operations to be completed before the model is converted back into a surface 
model by Rhino. The one exception to this change is Creo’s use in assembling all the 
separate material grades at the end of the above workflow. With this re-ordering it 
was possible to successfully create an Anatomical form based model of a socket 
using this hybrid approach.  
Constructing the Anatomical Socket 
As with the previous two tests, an image of the design intent (Figure 93) was set out 
for what the final socket should look like. With this image in mind, it was possible to 
undertake the task of constructing an anatomical socket model using the hybrid 
process order. 
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Figure 93: Design intent of anatomical socket 
 The steps taken to resolve the issues with the Anatomical Form are already 
mentioned previously, so this section of testing will continue from Variation of 
Directional Stiffness through the remainder of the process order.  
Variation of Directional Stiffness  
In order to perform some solid modelling operations such as the projections needed 
in this step, reference datums in the form of points, axes and planes were needed. 
Creo will normally set the top, front and right datum planes automatically about the 
coordinate system. However when a part is imported into Creo from an IGES file the 
only information provided is the surface geometry and co-ordinate system, so the 
use will have to set these datums themselves. For this feature, a central datum 
plane and axis were created, the plane was offset outside of the model and the 
curve for projection was sketched upon it.  
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Figure 94: Creation of anatomic scale Variable Directional Stiffness grooves using Creo 
The curve and plane were then patterned around the central axis evenly six times; 
these six curves make up the six sections of the socket. Each curve was then 
projected onto the surface of the socket to make up the origin for each of the 
sweeps. The desired shape of the Variation of Directional Stiffness is then sketched 
normal to the origin within the sweep tool, and a successful sweep results in the 
removal of material from the base socket model. The above method is shown in 
Figure 94. 
One issue with this method is unwanted geometry being left behind by the sweep 
cut, due to it being more that 90° from the first point of the origin. An additional 
extrusion is needed to remove this geometry to complete the cut (Figure 95). 
 
Figure 95: Rogue geometry before and after extrusion 
This step of the process must be repeated for each individual Variable Directional 
Stiffness curve, patterning the cut around the central axis, but due to the socket not 
having rotational symmetry, the cuts will either miss the socket geometry or cut 
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completely through it and various points in the cut. This could prove an area of 
investigation for the next stage of research. 
Porosity for Comfort  
Keeping to the new order of performing all of Creo’s operations prior to changing 
systems, the next step was to perform the arbitrary porosity test on the anatomical 
scale. Following on from the discovery that Creo’s patterning tool has the option for 
mapping the pattern to a surface in the second phase of testing, this was applied in 
this phase as well. An issue arose here as Creo only allows one surface to be 
selected to map the pattern to, and in this case, the surface area of the socket on 
which the porosity was being placed was where three different surface patches 
meet on the anatomical model, meaning this had to be repeated three times.  
 
Figure 96: Creation of anatomic scale porosity in Creo, green lines show that method results in gaps 
and pores at different directionality 
This would not be too big a problem itself, but due to the nature of Creo requiring a 
reference sketch to define the area of the pattern, the angle from the surface 
normal of which the holes follow varies for each pattern, creating uneven 
patterning (Figure 96). This also resulted in areas that the porosity did not populate 
between iterations, leaving a visible section of non-porous material, which is not 
ideal for the intended end purpose of the system.  
First Study: a Comprehensive Review of Current CAD Environments 
 
 
 
 
166 
 
 
Cell Channels and Active Surfaces 
Testing this part of the CAD criteria on the anatomical scale was virtually no 
different to the second phase test for projecting cell channels on the complex 
curved patch. Shown in Figure 97, the only major difference was the size of the 
channels themselves; here the smallest possible straight cell channel successfully 
generated at 0.7mm2 and the smallest curved channel at 0.2mm2. While it is an 
interesting result that on this larger scale it was possible to create a smaller curved 
channel than a straight one, both of the resulting curved cell channels are much 
bigger than those shown in the previous test, and therefore both do not meet the 
value of 3μm2 set by other members of the research group. Further investigation 
into this will be a high priority in the next phase of research.  
 
Figure 97: Cell channels and active surfaces on the anatomic model created in Creo 
There remains no issue with the definition of active surfaces for this test and those 
before it all involve metadata, as will likely be the case for the final specification of 
this system. Should any promising new strategies be found in the next stage of 
research this way of thinking may be changed.  
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Lattice Structure  
This is the first and only unique test for this third phase, as the results of the 
previous two tests gave rise to this hybrid step involving both 3DS Max and Rhino. 
With the new order of keeping system changes to a minimum, this is the second 
time that the IGES file format has been employed to convert the completed Creo 
processes into a format ready to import them into Rhino. 
Before work can commence in Rhino however, 3DS Max is first used to generate the 
topology for the lattice sections. Shown in both phases one and two of testing, 3DS 
Max has a tool for automatically adjusting the way polygons are split in a network, 
creating some interesting shapes automatically, without the high intellectual load of 
the user having to draw them out manually.  
For this application, a plane primitive of similar dimensions to the socket is placed 
and given a high number of horizontal and vertical subdivisions. This plane is then 
converted into an editable poly, and topology generation is applied, using the skin 
pattern in this case. The process can be repeated and undone numerous times, 
allowing the user to generate a pattern they are happy with. Once the desired 
pattern has been generated the polygons are then inset using the option within the 
command bar, again to the user’s desired dimensions. The internal area polygon is 
then deleted, leaving a pattern of shapes that will eventually be subtracted from 
the socket material. This pattern is then saved as a DXF file to be imported into 
Rhino, and is shown in Figure 98. 
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Figure 98: Generation of lattice pattern using topology generation in 3DSMax 
 
Once the IGES file has been imported into Rhino from Creo, a few pre-operational 
steps must be taken before the DXF pattern can be imported. The exterior surface 
that the lattice structure will be applied to will likely be different to the interior 
surface due to the application of Variation of Directional Stiffness  in Creo earlier in 
the process order. The new surface border should be duplicated using the 
‘DupBorder’ command in Rhino and the resulting curve should be used to split the 
interior surface beneath it and this surface should be deleted. This will be filled in 
again later once the lattice surface is offset. 
With this preparation complete, the selected exterior surface of the socket is 
flattened into a plane of 2D geometry using the ‘squish’ command. The DXF file of 
the lattice structure is then imported into Rhino, which will result in a 2D polygon 
mesh that can be scaled if needed. ‘DupBorder’ is used once again to generate a 
curve network that matches the pattern from the DXF file, and the imported 
polygon mesh can now be deleted. This curve network can then be projected onto 
the ‘squished’ surface, before the ‘SquishBack’ command is used to return it to its 
original 3D geometry and position, along with the curve network that was just 
projected upon it. This curve network can then be used to split the surface, and any 
interior shapes can be deleted, leaving just the lattice structure remaining. This 
surface can then be offset to the original thickness of the socket, which should 
perfectly align it with the hole created earlier in the step (Figure 99).  
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Figure 99: Continued creation of lattice structure in Rhino using ‘squish’ commands 
While this hybrid approach is novel, and helps to drastically reduce the intellectual 
load that the user may have had to suffer, it does potentially create future errors. 
Specifically if areas of geometry do not match up, or if some areas do not have a 
curve to match them when the lattice is offset, gaps may remain. These gaps could 
be in hundredths of a millimetre of width, unnoticeable to the eye unless the GUI is 
zoomed in very close to the model.  
Other methods of creating this lattice structure will need to be investigated in the 
next phase of testing. 
Multiple Materials 
As with the previous version of this test, arbitrary curves to represent different 
material grades were sketched and projected onto the surface of the socket before 
being used to split both the interior and exterior socket surfaces. Each new exterior 
surface was then offset once again to the thickness of the surface after its interior 
counterpart is deleted, before being saved as its own IGES file and deleted from the 
main socket model. In order to fill the gap that splitting the material grades has left 
behind the command ‘_Perpendicular_2Curves’ is used. By selecting the two open 
curves on the interior and exterior of the socket, a straight curve connecting both of 
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the surfaces is generated. This curve is then used in the command ‘_Sweep2’ to 
create a surface that fills the gap left behind by material removal. The main socket 
body is then saved as its own IGES file. The resulting models are shown in Figure 
100. 
 
Figure 100: Collection of material regions created using Rhino 
As it stands, none of the systems used can natively represent FGMs or other forms 
of heterogeneous objects. This is a key area of investigation in the next phase of 
research as currently a separate model shell is required for each material, so to 
achieve a truly FGM could take a very large number of shells.  
Robust Structure  
At this stage, any of the three systems can be used to save all the IGES files as STL 
files ready for 3D printing. Each of these tessellated models can then be imported to 
3DS Max and run through the inbuilt STL file checker. In the case of the socket body 
file, the STL checker listed 225,189 errors, implying that the model is far from robust 
(Figure 101). These errors are open edges, double faces, polygon spikes or multiple 
edges. This could be corrected in third party STL repair software, but these issues 
were likely due to how the model was created. 3DS Max may also have issues with 
the mix of small and large scale features, similarly to how it failed to generate 
certain geometries in the second phase porosity testing. It is worth noting at this 
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point, the file size of the socket body is 98MB, and the material sections average 
1.5MB each. 
 
Figure 101: Screenshot of finished socket in 3DSMax STL test, red polygons are errors 
The STL models all have the same co-ordinate system, allowing them to be 
assembled very quickly in Creo. This would also mean that systems such as the 
Objet Connex 500 could print the model as a single assembly. 
  
4.4 Result 
4.4.1 Final Control Model 
Figure 74: Resulting Control Workflow 
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Figure 102 shows the resulting workflow needed to produce the anatomically scaled 
model of a prosthetic socket containing all of the design features outlined in the 
CAD criteria (Section 4.2.1). In total there are 115 steps and 4 CAD system changes. 
4.3.2 Points for Further Investigation 
The aim of this study was to identify in detail the inefficiencies of current CAD 
systems in relation to producing next-gen prosthetics by developing a control model 
process order. This aim has been achieved, so the next step was to pinpoint the 
gaps that were found and explore how they may be filled by emerging CAD 
strategies. 
Anatomical Form: 
As mentioned in Section 2.4.1, currently third party software is required to convert 
the various forms of medical scan data into a format that can communicate with 
CAD software. It would be desirable for this ability to be inherently included within 
the future CAD system, so exploration of how these systems perform was 
investigated in the next stage of research. 
Variation of Directional Stiffness: 
In order to increase the efficiency of the current CAD representation of Variation of 
Directional Stiffness, the option of exploring parameter driven CAD strategies may 
allow the option for projected curves to be patterned around the central axis of the 
socket whilst automatically remapping themselves to the curvature of the socket 
geometry at their new location. This option would be most desirable, as it would 
also open up the possibility of altering the original socket geometry and having the 
Variable Directional Stiffness curves re-map to the new profile. 
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Porosity for Comfort: 
The majority of tests performed on porosity for comfort involved an arbitrary pore 
value of 2mm diameter. In reality, these pores will likely be much smaller, so 
investigations into strategies that allow large areas of geometry to be populated 
with tiny features was investigated. 
When researching these strategies, attention was also paid to how they are applied 
to geometry. An issue encountered with the current process choice involved the 
need to repeat the process for every surface patch in the area, creating gaps and 
multi directional pores. This is something that would need to be rectified to meet 
the brief. 
Finally, it would also be desirable for strategies in this area to be variable, 
depending on where the porous areas are located, and the nature of the patient 
which may require a denser or sparser arrangement of porosity to increase comfort 
when using their prosthesis.  
Cell Channels and Active Surfaces: 
Similar to porosity for comfort, a strategy that allows tiny features to be applied to a 
large area of geometry would be desirable, in order to attain the goal of cutting 3 
µm channels into the interface where necessary. 
Lattice Structure: 
Whilst the hybrid approach did aid in the reduction of the intellectual load required 
to produce a lattice structure on the socket wall, any upcoming strategies that aid in 
the procedural generation of latticing patterns will greatly enhance the future CAD 
system, making this a key area of the phase of research. 
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Multiple Materials and Material Grading: 
As mentioned at numerous points in this study, the ability to represent FGMs for 
producing heterogeneous objects does not exist in current CAD systems. Strategies 
that allow for representing these types of part are a key area of interest in the next 
phase of research. 
While the current method of creating separate part shells and saving them as STL 
files works for the early generations of multiple material AM, it would be useful to 
identify any promising strategies that address this issue in a simpler or more 
efficient way. 
Finally, in this area, some ability to use information from patient scan data to locate 
areas that may require different materials would also be desirable be it pressure 
mapping or some other method of location. 
Robust Structure: 
While the STL file is, and has been the de facto format for AM for many years, some 
new strategies for converting CAD data to an AM format have recently appeared, 
and could prove a more desirable option in terms of accuracy and file size.  
Another recent area of interest is cutting out intermediary software that comes 
between producing a model in the CAD environment and manufacturing it.  
Other: 
While it was briefly touched upon in this study, some more in depth investigation of 
metadata was carried out in the next phase of research. Being able to define certain 
properties through metadata may be an alternative method to reducing the 
inefficiencies in a number of the steps in the CAD criteria, as well as being a useful 
interface for creating a more parameter driven rather than feature driven CAD 
environment.   
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4.4 Discussion 
This study answers the research question, ‘What steps must be taken to produce 
the necessary material properties with current CAD systems?’ The CAD criteria was 
developed in order to decide the necessary material properties the socket should 
have and a number of tests were conceived to produce these properties in current 
CAD systems. These tests approached the problem from different perspectives, 
allowing for concise and reliable results. This research has shown that it is possible 
to produce these desired CAD qualities with current CAD systems, albeit with a 
limited accuracy, the use of multiple software packages and a great number of 
operational steps. 
This study helped to broaden knowledge on how these three proprietary systems 
work, along with the most efficient methods to produce features in each of the CAD 
archetypes. Due to the hybrid nature of current CAD systems, there is the option to 
produce geometry in a non-native method, such as surfacing in Creo, which creates 
the possibility to overcome a weakness of that particular archetype. This is useful 
knowledge that implies that a hybrid approach is desirable for the proposed system.   
Some initial changes had to be made to the handling of the first tests. Further 
exploration of Rhino was required to portray the strengths of surface modelling 
accurately. Initially the tests were using extrusions, chamfers and fillets to create 
the test patch much like one would in a solid environment. To rectify this, the test 
was repeated using curves and sweeps to create the surfaces and Boolean 
subtractions were used for creating holes and grooves.  
In creating the anatomic form model, a number of format changes and intermediary 
systems were required. A human scale mannequin model was downloaded from 
GrabCAD and opened in Rhino. The majority of the mannequin was cut away 
leaving just the right leg; this was then cut off below the knee simulating an artificial 
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amputation. The holes in both ends of the surface were capped and the resulting 
model was saved as an STL file. 
The model was then imported into Geomagic Freeform and the STL was imported 
and converted into a volumetric clay model. The majority of the surface was 
painted so that it could not be altered by the brush while the ends were left clean 
so they can be smoothed over (Figure 103). Additional material was built up on the 
‘amputated’ end and smoothed over to represent the healed residual limb. Any 
imperfections in the painted surface were also filled and smoothed over. The 
completed model was subsequently exported as an STL file. 
 
Figure 103: Anatomical form model being altered in Freeform 
Importing this STL into either Creo or Rhino creates a triangulated residual limb 
model. To maintain the smoothness created in Freeform, the STL file was imported 
into Geomagic Studio and processed through its auto surface function to create a 
NURBS surface version of the anatomic form STL model. This model maintained the 
smoothness of the original volumetric model and was exported as an IGES file; a 
format that is compatible with both Creo and Rhino. 
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The patchwork nature of a NURBS surface model created a number of issues with 
the third test of the study. When projecting curves onto surfaces in Creo, the 
system remembers the NURBS patches that made up the surface before it became a 
solid. This means that when a surface selection is required, the user must select 
each individual surface patch that the curve will pass over, which can be 
cumbersome and time consuming. This would also create issues with patterning 
pores normal to a surface, as a pattern can only be normal to one surface and 
multiple surfaces would need to be ‘squished’ in order to build up the lattice 
structure.  
In order to resolve this issue, the model was re-processed in Geomagic Studio. 
When ‘autosurfacing’ the leg model, the option to reduce the number of surface 
patches was utilised allowing a simplified collection of larger surface patches that 
maintain the necessary level of detail. The result of this application reduced the 
number of surface patches from 248 to 10. This simplified anatomical form model 
was then used as a base for the third test in the study. 
The final issue encountered was the difference in the way that Creo and Rhino 
handle thickening surface geometry, which created an issue when building the 
lattice structure in the test. The socket is thickened in Creo before the Variation of 
Directional Stiffness step, however the issue occurs when the internal surface is split 
and removed to make room for the lattice offset. Once the lattice shape is offset to 
the same dimension in Rhino the surfaces no longer match up. The mismatch can be 
minimised by altering the offset dimension to bring the surfaces as close as possible, 
but following the edge in the UI shows that in some areas the new surface will stick 
out from the old surface while in others it sits behind. This would become a comfort 
issue, and gaps in the socket surface will create issues with the robust structure of 
the model, potentially preventing a printable model from being produced. 
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While attempts were made to gather as much knowledge as possible and to create 
tests that would produce the most accurate and viable results, the timescale of this 
research did not allow the researcher to become an expert in all CAD systems. If 
possible, the best way to test these CAD archetypes would be to seek out an expert 
in each system, possibly more systems, and have them conduct the tests 
independently and report their results. These results could then be compared and 
contrasted in the same way as the above results to improve decisions on which 
archetypes are superior for producing each result and provide an overall more 
efficient hybrid workflow. 
These results could be useful in the real world to individuals who are hoping to 
produce similar material properties through conventional CAD. If the individual is 
only familiar with one type of CAD system then the knowledge presented in this 
study could aid them in their choice of CAD archetype when attempting to gain 
similar results. 
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5. Second Study: Assessing Emerging CAD Strategies for Improving 
the Control CAD Workflow  
5.1 Introduction  
The second study for this research revolves around repeating some of the design 
tasks from the previous study using emerging CAD tools to improve the efficiency of 
workflow for producing the prosthetic interface. Based on the discussion of the 
previous study, numerous inefficiencies were identified and certain areas of the 
CAD criteria were prioritised for improvement over others and emerging processes 
were selected based on the opportunities to enhance the workflow. 
Having outlined a control model for the necessary steps to produce a human 
prosthetic interface using currently available CAD software, emerging processes 
were reviewed and tested where available in order to identify where these new 
tools could enhance the CAD workflow, and further improve the efficiency of 
producing the desired model.   
As demonstrated in the control model produced in the previous study, it was 
proven that it is possible to produce a prosthetic interface with all the desired 
features using existing and readily available CAD systems. However, achieving the 
desired model involved a large number of stages, repetitive steps and inefficiencies 
that result in geometry errors and a taxing load on the user. This justifies the need 
for this study, so by building on the desirable features of current CAD systems with 
plug-ins and other options the user experience and overall quality of the finished 
model could be enhanced. 
The objectives that will aid in achieving the aim of this study are as follows: 
- To identify emerging processes that will improve on the current CAD control 
workflow. 
- To create criteria for assessment of these emerging technologies. 
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- To test these emerging processes where possible. 
- To incorporate the advantageous approaches into the current CAD workflow, 
improving it further.  
When mixing and matching different CAD systems that vary in their method of 
producing geometry, losses of detail and other errors may occur in the final model 
that cannot otherwise be avoided. This is already a weakness of conventional CAD 
that this study hopes to address.  
5.2 Methodology  
 
From the literature (Sections 2.5.4 and 2.4.3) AMF, 3MF, Grasshopper, T Splines and 
Symvol were selected to be further explored. The first part of the study will 
introduce the opportunities these tools provide for improving the control workflow. 
Where possible, simple tests were performed to determine whether each plugin or 
system could improve the area of the CAD criteria that they stand to improve. 
Finally the emerging processes were then applied to the control workflow in an 
attempt to improve efficiency, produce more accurate design intent and alleviate 
the intellectual load placed upon the user.  
5.2.1 Opportunities for Improving the Process Order 
AMF (STL 2.0) 
AMF could potentially improve the Robust Structure section of the process order. 
The boast of decreased file size over STL is desirable, alongside the incorporation of 
curved triangles to improve the geometric representation of models by allowing 
smooth curved surfaces and eliminating the faceted appearance of STL files. 
In regards to Multiple Materials and Material Grading, material choice can be 
inherently embedded in an AMF file, both selective placement and graded materials. 
Having the option to define this metadata in the file could greatly reduce the 
process order length for this section. 
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An expansion of the multi-material option is to combine a material with no material, 
effectively creating a Lattice Structure. The empty space can be defined via a voxel 
bitmap or mesh and then tiled throughout the model allowing for complex internal 
structures to be incorporated while saving on file size. 
FRep 
FRep boasts of ‘Guaranteed watertight meshes for 3D printing’ could improve the 
Robust Structure section of the hybrid process order. 
The pointwise object property generation of FRep allows users to specify Multiple 
Materials within the model, as well as the possibility of functionally Graded 
Materials by blending two volumetric objects with different material properties. 
Lattice Structure, Porosity for Comfort and Cell Channels could all be improved by 
FRep and its ability to seamlessly represent geometry on any scale. Being able to 
make micron level features on a meter scale model would be very advantageous.  
T Splines 
One issue encountered when defining the hybrid process order was that the 
Anatomical Form model contained many surface patches when imported into Rhino. 
T splines could be used to reduce the number of these surfaces, creating a much 
more workable model. 
The reduction of control points in a T Splines model also reduces the file size, 
serving to aid in the Robust Structure of the model. 
3MF 
Once again, the opportunity for a reduced file size that 3MF presents is desirable for 
improving the hybrid process orders Robust Structure. 
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3MF claims to allow material information to be included as metadata within the file, 
showing potential for improving Multiple Materials but at the time of writing details 
on this are very limited. 
Grasshopper 
Procedural generation of Lattice Structure is one of the more desirable results 
garnered from the previous study. Grasshopper’s algorithm based nature should 
allow for a method of generating lattice structures with very little intellectual load 
once an initial Grasshopper program has been created. 
5.2.3 Testing 
All tests were performed on the same PC with the following specification: 
HP Compaq 8200 Elite MT PC 
Windows 7 Enterprise (64bit) 
Intel Core i5 – 2400 CUP (3.10GHz, 4 Cores, 4 Logical Processors) 
4 GB Physical RAM 
Intel HD Graphics internal GPU (Approx. 1700 MB Memory)  
 
3MF Testing 
At the time of this study, 3MF had only recently been announced and was still in its 
infancy. Because of this it had yet to be adopted by any testable CAD systems and 
therefore there was no vehicle for testing the format. 
AMF Testing 
Test 1: STL vs AMF comparison 
The first test performed on AMF was to compare the file size of a model that had 
been saved as both an STL and AMF file. The model used for this test was 
repurposed from the second phase of testing in Section 4.2.5 that was made in Creo. 
The model was opened in Creo once again and exported as a STL file. The file size of 
this model was 4.96 MB. 
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Figure 104: AMF representations of (a) Chess piece, (b) Previous study test patch (c) Anatomical scale 
socket 
To convert this model to an AMF file, the AMF editor was used. This is a freeware 
available for download from the AMF wikispace (2015). To perform the conversion, 
the STL that was created in Creo was imported into the editor and then saved as an 
AMF file. The resulting file size of the AMF file was 1.25 MB. For accuracy this test 
was repeated on a number of geometries. An anatomically accurate socket was 
created in Rhino and saved as a STL file with a size of 29.7 MB, whereas the AMF file 
for this model had a resulting file size of 8.28 MB. The third and final test was on a 
chess piece with an STL file size of 2.59 MB. When converted to an AMF file its size 
was 586 KB, a similar ratio of size difference to the other two tests. The AMF tools 
representation of these files can be seen in Figure 104, and a table of comparison is 
seen in Table 37. 
Table 37: Table of comparison for STL vs AMF tests. (see Figure 79) 
 STL AMF 
(a) 2.59 MB 586 KB (.59 MB) 
(b) 4.96 MB 1.25 MB 
(c) 29.7 MB 8.28 MB 
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Test 2: Multiple Material AMF files 
The second test to be performed in the AMF editor was producing multiple material 
models. To prepare for this test the same model used in the previous test was re-
opened in Creo and a simple extrusion was used to split the model in two. Each half 
was then saved as its own independent STL file. When importing into AMF editor, 
the button ‘Edit AMF Objects’ was selected, opening the Object Browser.  
FIle Import Choose STL ‘Edit AMF objects’
‘Add’ Name AMF object Ok End
 
FIle Import Choose STL Choose AMF object ‘Import’ End
Repeat for each STL shell 
 
Clicking ‘Add’ creates a new AMF object which can be given any name that the user 
desires. Clicking ‘ok’ returns the user to the previous menu, where the AMF object 
should now be selectable from the drop down menu. This can be repeated for as 
many STL parts as the user desires. For this test the second half of the model was 
imported in the same way.  
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Figure 105: AMF representation of a two material AMF object 
Once both STL parts had been imported, clicking ‘edit’ at the top of the window 
opened the dropdown menu where the option ‘Edit Objects’ is available. In the 
object editor window, the meshes that make up the AMF object are independently 
selectable and here their material can be changed, allowing the user to create a 
multiple material AMF object. It is also worth noting that the file size of this split 
object is 1.35MB, still less than the STL file produced in the previous test. The result 
is shown in Figure 105. 
Test 3: Material Grading 
The third test to be performed with the AMF editor was an investigation into FGMs. 
As with the first AMF test the second phase testing model from the previous study 
was used. Within the Edit Materials window the user has the option of specifying 
both solid and composite materials. To define the composite material used in this 
example the code is: 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵: 0.05 ∗ (𝑦𝑦 + 10), 𝑌𝑌𝐵𝐵𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙: 1 − (0.05 ∗ (𝑦𝑦 + 10)) 
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Figure 106: AMF slice screenshot of a graded material part 
This resulted in a vertical split through the middle of the part with a smooth 
gradient between the two colour divisions where the materials are blended 
together and is shown in Figure 106. 
Symvol Testing 
Following on from the work done in the Chapter 4, a simple test was conceived to 
test Symvol and assess its compatibility with other CAD systems. This test combines 
elements of the further testing for Porosity for Comfort and Lattice Structure with 
importing existing CAD models from Creo and attempting to export the finished STL 
back, proving if the plug-in can be used effectively with other CAD systems. This test 
was performed with a view to improve the control process order conceived at the 
end of the previous study. 
Assessment Criteria 
The assessment criteria for this test will take into account the time taken, number 
of steps, intellectual load and design intent. The results of the test will be compared 
to the previous results of the three control CAD systems. 
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Result of Testing 
As this was a test for compatibility with other CAD systems the initial shapes used in 
this test were formed in Creo, once again a complex curved object.  The shape was 
then split into an internal shape and an eternal frame both of which were saved as 
STL files. These files were then imported into Rhino.  
Start Import STLs
Convert Mesh 
to Volume 
Object
Form 
Microstructure 
with vCanal
Pattern 
Microstructure 
with vTile
Combine Central 
Volume Object with 
Microstructure 
Block
Combine 
Microstructure 
Volume with 
Frame Volume
STL End
 
The Symvol command ‘vMesh’ allows users to convert volumetric meshes into 
volume objects that are compatible with further Symvol operations (Figure 107). 
Once this step was performed the volume objects were set aside until they were 
needed later and a collection of Rhino curves were drawn for use with the ‘vCanal’ 
command. This command creates a volume object from a Rhino curve by thickening 
it to a user defined radius normal to the curve. The user can also define the number 
of subdivisions; this affects how smooth the curvature of the canal object will be. 
This object was intended to form the microstructure for the lattice section of the 
part. ‘vTile’ arrays the microstructure object within a user defined bounding box. 
‘vIntersection’ was then used to trim the microstructure cube to the size of the 
internal volume object. The new volume object was them combined with the frame 
volume object using ‘vBlend’. This new volume object was then saved as an STL file 
for export (Figure 108). 
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Figure 107: Conversion from Rhino mesh (left) to Symvol volume object (right) 
The resulting STL file was imported into Creo. At some point during the conversion 
from mesh to volume object, two triangular shaped errors appeared in the frame 
volume. These errors were assumed to be part of the way Symvol visually renders 
its volume objects. It was not until the object was converted back to an STL file and 
opened in Creo that the error was revealed to be actually in the geometry. This is an 
undesirable aspect of the system and reduced its design intent capability. The 
triangulation of the final shape was also quite high, reducing the accuracy of the STL 
file when compared to the volume object it came from. 
 
Figure 108: Result of testing volume objects in Symvol 
The intellectual load required to produce this volume object was very low, 
improving on all three of the steps in the control tests. The lack of requiring two 
CAD systems to produce the structure also improves on the control model. The time 
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taken to produce a part like this, once one is familiar with the Symvol commands, is 
also impressively short and only 7 steps are required to produce a part with these 
properties, two of which involve import and export. 
T Splines Testing 
The test for T splines involved merging the large numbers of surface patches found 
in the anatomical form model into a lower number, or ideally a single surface. The 
first step in preparing the model for merging was to rebuild the surfaces in Rhino to 
improve the alignment of the isoparm’s.  Good isoparm alignment will improve the 
matching of surfaces once they are merged, reducing the need for post processing 
once merger is completed. Once rebuilding is complete, the NURBS surfaces are 
converted to T Splines surfaces using the ‘tsConvert’ command. From here edit 
mode is enabled using the command ‘tsEditMode’, and the edge section icon is 
selected. From here the’ tsMerge’ command is used to begin merging surface edges. 
By double clicking on an edge the entire edge loop is selected as the first chain for 
merger, the process is then repeated on a neighbouring surface to merge the two 
together.  
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Figure 109: Rhino representation of original anatomical form model 
This method was applied to the original anatomical form model seen in Figure 109. 
Around 30 surface patches were merged using this method before the test was 
abandoned. The reason for this abandonment is that it had already taken 20 
minutes to merge these 30 patches, leaving some 200 more patches left to be 
merged. It had already been proven that the earlier process of using Geomagic 
Studio to simplify the number of NURBS patches in the anatomical form model was 
superior in both time taken and the intellectual load on the user. It was then 
decided to apply T Splines to the already simplified model given by Geomagic Studio 
to see if the surface could be reduced to a single patch. 
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Figure 110: Simplified Geomagic Studio anatomical form model (left) and the T Splines model 
consisting of two surface patches (right) 
When applying the T Splines method to the reduced Geomagic model it was found 
that the user must make a consideration as to the order in which they merge edges 
to avoid creating areas of warped or rogue geometry that greatly disrupts the 
original curvature of the scan. This is often caused where isoparms are not aligned 
on the patches being merged; creating diagonal isoparms which in turn produce 
sharp geometry. This issue also made it impossible to reduce the model to a 
singular T Splines surface. Once applied, T Splines reduced the Geomagic model 
from 10 to 2 surface patches. The result is shown in Figure 110. It is worth noting 
that Rhino treats these merged surfaces as a poly surface. If an operation is being 
performed that requires only surfaces, then Rhino will convert the poly surface back 
to its elements when that operation is performed, ultimately making the merger 
pointless. 
Grasshopper Testing 
To test Grasshopper’s ability to improve the generation of a lattice structure, an 
algorithm for procedurally generating a Voronoi pattern was conceived. The pattern 
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used in the various design intents from lattice structure in the previous study were 
all inspired by the Voronoi pattern, so the option here to generate one is desirable. 
As with the second phase testing for lattice structure and due to the fact that 
Grasshopper has to be used as a plug-in for Rhino, the complex curved surface that 
requires a lattice structure is flattened into a 2D surface using the ‘squish’ command. 
From here Grasshopper is launched using the ‘_Grasshopper’ command where the 
interface opens in a separate window. 
To begin the interaction between Grasshopper and the ‘squished’ surface 
generated in Rhino, a Surface node must be placed in Grasshoppers interface. Once 
placed, the user then right clicks on the node and selects ‘Set one Surface’; a 
surface can then be selected in the Rhino interface. 
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Figure 111: (top) Screen shot of Voronoi.gh Algorithm (bottom) Rhino UI under the effects of the 
algorithm 
As the Voronoi node requires a rectangular box to successfully generate the pattern 
the next node placed in the algorithm is a bounding box. The surface node is wired 
to the C pin on the bounding box node, causing the bounding box to fit perfectly to 
the ‘squished’ surface. 
The next node placed is ‘Populate2D’; this node will populate a 2D region with a 
number of points. To control the number of points in the region, a numerical slider 
is placed and wired to the N pin of the ‘Populate2D’ node.  
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The Voronoi node is then placed and the ‘Populate2D’ node is connected to the P 
pin. To keep the Voronoi pattern within the bounding box, the Bounding Box node 
is wired to the B pin on the Voronoi node. 
In order to tie the Voronoi pattern onto the surface, the ‘Offset Curve’ node is 
placed. The initial Surface node is wired to the C pin on the ‘Offset Curve’ and 
another numerical slider is placed and wired to the D pin on the node. In order for 
the offset to come within the surface, the D pin must be right clicked and the 
Expression option must be selected. Within the Expression Editor input box that 
opens ‘–x’ should be typed. After this a Region Intersection node is placed. The 
Voronoi node is connected to the A pin and the ‘Offset Curve’ node is wired to the B 
pin, causing the Voronoi pattern to remain within the offset value. 
At this point, a second ‘Offset Curve’ node is placed. The R pin of the Region 
Intersection node is connected to the C pin and the same Numerical slider from the 
previous Offset Curve node is wired to the D pin and the expression option is used 
in the same manner as the previous one. A Fillet node is then used to round off the 
edges of the Voronoi regions where an additional numerical slider is connected to 
the R pin of the node to control the radius of the fillet. 
The last step in creating the algorithm involves using a ‘Solid Difference’ node to 
split the Voronoi pattern from the initial surface. The surface node is wired to A and 
the result of the previous steps is wired to B. The ‘flatten’ option is applied to this 
pin by right clicking B and selecting it from the drop down menu.  
It is good practice to turn off the preview of all nodes except the Surface and ‘Solid 
Difference’ nodes to stop the user interface from becoming cluttered with all the 
lines that are generated. The sliders can be adjusted to manipulate the pattern and 
once the user is happy with the appearance of the pattern, right clicking the ‘Solid 
Difference’ node and selecting the ‘bake’ option will create the curve network of 
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the pattern in Rhino. At this point Grasshopper can be closed. The completed 
Grasshopper algorithm is shown in Figure 111. 
 
Figure 112: Lattice resulting from Voronoi.gh Algorithm 
At this point the process continues in the same manner as the second phase of 
testing in the previous study. The surface is ‘squished’ back with the generated 
curves and trimmed by them before the internal surfaces are deleted and the 
surface is then offset to create a 3D shape, the finished model is shown in Figure 
112. 
Whilst creating the Grasshopper program is time consuming, once it has been set 
up it can be used with any surface. This in theory reduces the inefficiency even 
further as the user would only have to select the surface, adjust the sliders and bake 
the result to generate a Voronoi pattern for creating a Lattice Structure. 
5.2.4 Application of Emerging Processes 
After the emerging processes have been tested, the next step was to apply them to 
the sections of the CAD criteria that they improve. As certain sections of the process 
order were deemed to have a higher priority than the previous, stages of the 
workflow are unchanged from the previous study. 
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Variation of Directional Stiffness  
A change was made to the Variation of Directional Stiffness step to better 
accommodate the use of Grasshopper. Creo was used to pattern the shape of the 
Variable Directional Stiffness grooves and trim them away from the socket shell 
surface. This surface shell was then saved as an IGES file and imported back into 
Rhino. After Grasshopper was used to create the Lattice structure and sections for 
porosity, and the multi material area was split, the surface shell was offset to 
thicken it.  
 
Figure 113: Variable Directional Stiffness grove created in Rhino using parametric commands 
Once thickened, the inside edge and base of each cut out was extracted to a curve 
using the ‘DupEdge’ and the ‘Sweep 2’ command was used to restore the previously 
trimmed socket surfaces. These surfaces were then offset to a shorter length than 
the rest of the socket, and the edges of the grooves were chamfered as shown in 
Figure 113. 
Cell Channels and Active Surfaces 
As with Variation of Directional Stiffness, this section of the process order remained 
unchanged from the previous study. 
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Lattice Structure 
With the use of Grasshopper, producing the lattice structure no longer requires the 
additional use of 3DSMax.  
Using the Grasshopper algorithm Voronoi.gh that was created in the earlier test to 
procedurally generate the lattice structure in place of 3DSMax, the selected surface 
can be immediately ‘squish’ed in Rhino. This surface is then selected and with 
adjustment to the number, offset and radius sliders the user can tailor the Voronoi 
structure to their liking. 
Figure 114: Lattice areas created using Grasshopper on the updated socket 
Now that the curves needed to split the surface for the Lattice have been generated, 
the Grasshopper algorithm is ‘baked’ to allow them to be manipulated in Rhino. Any 
rogue curves that were created by the Grasshopper algorithms are deleted before 
the remaining curves are grouped. These rogue curves result from the positioning of 
the sliders. To eliminate the need to highlight and delete them, the positions of the 
sliders for number of voids, the width of the offset and the radius of the fillet should 
be adjusted until no rogue curves remain. This solution may have a negative effect 
on design intent. The surface and curves are ‘squish’ed back and used to split the 
socket surface. The resultant geometry is shown in Figure 114. 
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Porosity for Comfort  
To utilise Symvol to produce the porous sections in the socket, an area of the 
surface was ‘squished’ and a simple offset Grasshopper algorithm was used to 
create a boundary. This boundary was then offset to create a closed solid section of 
the socket. These closed sections were converted to polygon meshes with Rhino’s 
‘_Mesh’ command. Once these polysurfaces were converted into meshes, the 
‘_vMesh’ command could be used to convert the porous sections into volume 
objects, allowing Symvol operations.  
 
Figure 115: Symvol representation of porous regions (left) and the result after conversion to a mesh 
(Right) 
The microstructure was created in the same method as the aforementioned Symvol 
test and was combined with the socket sections via ‘_vIntersection’. The resulting 
volume objects were then converted back to meshes to allow communication with 
other CAD systems as modelling the socket continues (Figure 115).  
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Multiple Materials 
To create the multi-material regions, the surface was ‘squished’ and the regions 
were sketched by hand. Once ‘squished’ back the curves were trimmed from the 
surface and once the shell was offset, the sections became solid. 
Robust Structure 
Here the various components of the socket that were saved as STL files are 
assembled into a single AMF object using AMF tools. The STL models all have the 
same co-ordinate system, aiding AMF tools in placing them in the correct location 
when creating an AMF object and once assembled, the components can then be 
assigned individual material qualities before being saved at a reduced file size. The 
overall STL size of the socket model was 90.54 MB, when converted to an AMF file 
in AMF tools the resulting file size was 21.84 MB. 
  
5.3 Result 
5.3.1 Updated Control Model 
Figure 88: Resulting Second Workflow 
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Table 38: Comparison of control workflow and second workflow 
 
 
Figure 116 shows the resulting workflow that was used to produce the improved 
socket model utilising emerging CAD technologies. Table 38 shows comparisons 
between this new workflow and the control workflow found in Figure 102, showing 
that 79 steps is a reduction from the 115 that the control workflow took and that 
the new workflow had once les CAD system change than the previous workflow.  
5.3.2 Review of Improvements  
Variation of Directional Stiffness  
Creo and Rhino use different algorithms for their respective Thicken and Offset 
functions. As a result, creating the solid socket in Creo and then later offsetting the 
internal or external surfaces in Rhino to the same dimension would often always 
result in the geometry failing to match. To resolve this it was decided that all the 
CAD criteria features that involved ‘squishing’ and ‘squishing’ back in Rhino would 
be performed on the shell before thickening and then the entire surface would be 
offset within Rhino in place of Creo. 
The changes made to Variation of Directional Stiffness steps to accommodate 
Grasshopper brought up a few new issues. Due to the socket shell being made up of 
multiple surface patches, when creating curves using ‘DupEdge’, the user ends up 
with numerous curves that occasionally do not meet that need to be filled or 
bridged. After this, all the individual curves needed to be joined to make them 
compatible with the Sweep 2 command. These gaps and disjointed curves also 
caused issues with some of the chamfers, resulting in rogue geometry and flawed 
features. 
Workflow Criteria Import 
Geometry 
Create 
Anisotropy
Cell 
Channels 
Porosity Latice Multiple 
materials
Robust 
Structure
Total
Steps 3 2 6 4 14 19 (3) 3 115
Systems 2 1 1 1 2 1 2 4
Repetitions 0 6 2 5 2 2 0
Steps 2 3 6 6 12 15 2 (1) 79
Systems 1 1 1 1 1 1 1 3
Repetitions 0 0 2 2 2 0 6
Control Model
Second Study
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Lattice Structure 
The use of Grasshopper to produce the lattice structure has improved the step 
greatly. With the creation of the Voronoi.gh algorithm generating the curves for the 
lattice structure can be completed in seconds. This coupled with the 
aforementioned changes to the thickening of the socket shell allowed a good, 
unique and robust lattice area to be created with very little intellectual load or time 
consumption. 
Porosity for Comfort 
Utilising the advantages of volumetric modelling provided by Symvol allowed for 
the creation of much smaller porous areas on the socket. While these sections are 
still in volumetric form they are detailed and accurate. However, in order to 
continue operating and using the model with other systems, these volumetric 
models need to be converted back to a mesh. As was seen in the test for Symvol, a 
polygon mesh cannot possibly keep the same level of detail as the volumetric model, 
resulting in the converted mesh being a mesh of rogue and jagged polygons. One 
positive outcome from this is that the mesh is still valid as the file successfully 
converted to an STL without issue. 
Multiple Materials 
To improve accuracy, the multiple material regions were defined before the socket 
surface was offset. The different sections were saved as STL files to be assembled 
into an AMF object within AMF Tools. 
Further investigation has afforded a possible solution for material grading. After 
direct communication with Hod Lipson (2016), more information on the formulas 
for material gradients was acquired. Lipson recommended using: 
Second Study: Assessing Emerging CAD Strategies for Improving the Control CAD Workflow 
 
 
 
 
204 
 
 
 �(𝑥𝑥 ∗ (𝑥𝑥 + 𝑥𝑥) ∗ (𝑦𝑦 + 𝑦𝑦) ∗ (𝑧𝑧 + 𝑧𝑧)2 ± 𝑝𝑝,   1 −�(𝑥𝑥 ∗ (𝑥𝑥 + 𝑥𝑥) ∗ (𝑦𝑦 + 𝑦𝑦) ∗ (𝑧𝑧 + 𝑧𝑧)2 ± 𝑝𝑝 
This creates a spherical material gradient from the centre of the object. For the 
desired effect of grading material regions into each other, a change was made to 
this formula to create a region that only grades in the direction of two axes: 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵: �(𝑥𝑥 + 𝑥𝑥) ∗ (𝑦𝑦 + 𝑦𝑦)2 ± 𝑝𝑝, 𝑌𝑌𝐵𝐵𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙: 1 −�(𝑥𝑥 + 𝑥𝑥) ∗ (𝑦𝑦 + 𝑦𝑦)2 ± 𝑝𝑝 
The parameter (p) would be adjustable by the user; the first parameter would 
define the size of the material area before the gradient begins. The second 
parameter would adjust the sharpness of the gradient blending from one material 
to the next. The resulting gradient of this formula is shown in Figure 117. 
 
Figure 117: Material gradient resulting from the above formula 
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Figure 118: Slice screenshot of pointwise graded material regions in AMF Tools 
This presents an opportunity for a multiple material solution. Provided the material 
shells are round, this formula can be used to create a gradient within each shell, 
creating a FGM region as seen in Figure 118. 
Robust Structure 
When working on the socket model in AMF tools, the system was very slow and 
would often freeze due to the size and complexity of the models. Despite this, the 
overall STL file size of the socket model was 90.54 MB, but reduced when it was 
converted to an AMF file in AMF tools resulting in a file size of 21.84 MB.  
5.4 Conclusion  
This study answers the research question ‘How can new CAD strategies be applied 
to improve the efficiency of producing parts with these necessary material 
properties?’ Building on the results of the previous study and looking to resolve 
some of the Points for Further Research (Page 176), this study shows some 
emerging strategies to improve the inefficiencies of the workflow. The initial testing 
proves that the strategies can fulfil the CAD criteria they are addressing and as with 
the previous study, a socket model was made on the anatomical scale. When 
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compared, the new workflow resulting from this study proved to be more efficient 
than the previous one which also produced a much more accurate socket model. 
The knowledge gained from this study improves understanding of what is possible 
with emerging CAD tools. When theorising and specifying what a hybrid system will 
be able to do, it is important to ground these theories in current or feasible future 
possibilities. This study shows that single CAD systems can contain archetype 
conversions, as shown with Rhino being able to change a model from a NURBS 
object to a volume object and then a polygon mesh and vice versa. Use of 
Grasshopper has shown that algorithmic generation of geometry allows a system to 
present a simplified interface to the user while the background program creates 
and alters geometry.  
The first issue encountered during this study was the relatively fresh nature of the 
3MF format. At the time of writing, the file type had just been announced and with 
no specification for theorising how it may affect this study and no opportunity to 
test the file type, it was decided to halt investigations into this solution at this point. 
The second issue occurred in the testing of the T Splines solution. When applying a 
T Splines conversion to the anatomical form model (the version with 248 surface 
patches) there was no change to the number of surface patches, showing that this 
intention for a T Splines application proved fruitless. It was later discovered that 
further steps had to be taken to merge surface patches together. 
The biggest issue in producing the socket model was encountered when 
representing Variation of Directional Stiffness. A new solution for creating Variable 
Directional Stiffness grooves was not encountered, so the means of producing the 
grooves was repeated from the previous study. This in itself created a new issue, as 
in this study the creation of the lattice structure; multiple material regions and area 
that would become porous are all cut into the socket surface before thickening.  
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As a result, an alternative solution had to be found. Once the socket shell was 
formed from the anatomical form model, the surface was imported into Creo. Using 
surfacing tools found in Creo in conjunction with the native Brep tools, full width 
Variable Directional Stiffness channels were cut from the socket shell. This new 
surface was then taken back into Rhino where the lattice, multiple material and 
porosity regions were also split from the socket shell before thickening. Once 
thickened a ‘_sweep2’ operation followed by an edge chamfer, another 
combination of NURBS and Brep operations were utilised to create the Variable 
Directional Stiffness grooves. 
This solution again suffered from the patchwork nature of NURBS surface models. 
Due to the nature of the topology of the surface, the awkward arrangements of 
surface patches created complications in the tests. Before the ‘_sweep2’ operation 
could be applied, the edges of each surface patch that the channel intersects had to 
be joined. The same then had to be done for the edges that were to be chamfered. 
This was time consuming and a lot less efficient than the method from the previous 
study. Addressing and reordering the topology of the model could aid these issues 
in the future.  
Ultimately this reinforces the need for a removal of the patchwork nature of a 
NURBS object. Some form of joining method or the ability for the system to treat a 
collection of NURBS patches as a single surface is greatly desired and should be a 
focus of further research.  
While it would have been desirable to explore as many different plug-ins and 
strategies as possible, due to the time constraints of this research study the 
exploration was limited to available complete strategies that could be tested. 
Future research could involve returning to this stage of research and applying more 
emerging strategies to the CAD criteria, further improving the efficiency of the 
workflow.   
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As with the previous study, the result of this work would be useful to anyone hoping 
to explore CAD solutions for specific features that exploit the possibilities of AM. 
Some of the exploration could also serve as a tutorial for individuals hoping to 
benefit from these specific plug-ins and solutions. 
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6. Third Study: Theoretical Proposal for a Future CAD Approach 
6.1 Introduction 
The third and final study for this research was defining the steps and content that a 
hybrid CAD system would provide, based on the literature and knowledge gained in 
the previous two studies. The result of this work will be used to construct a design 
specification for producing this future CAD system as software.  
This study takes the amalgamation of the various techniques and CAD systems that 
were used in the previous two studies and addresses the various possibilities of 
combining them into a single platform. This is required for the system to be 
considered as a single, standalone piece of software rather than a collection of 
ideas.  
Without a proven control model, it would be impossible to assess the gaps in the 
current CAD state-of-the-art that will need to be filled in order to reach the 
intended end deliverable. This is the justification for this study, as there may be 
processes that are already available and desirable in current CAD systems that could 
be missed without thorough testing. 
The objectives that will aid in achieving the aim of this study are as follows: 
- To reduce the CAD workflows from the previous two studies into a simple 
set of core steps. 
- To present the steps this proposed CAD system will take. 
- To show the differences between what the users will see and what will occur 
in the background of the system. 
- To theorise a final workflow using this system for comparison with those in 
the previous two studies.  
While grounded by literature and the work of the previous two studies, the 
work in this study is still entirely hypothetical. There is every possibility that the 
Third Study: Theoretical Proposal for a Future CAD Approach 
 
 
 
 
210 
 
 
steps or processes outlined within this study would ultimately still be impossible, 
reveal practical problems or errors. 
The topic of this study is hypothesising a new CAD system to further the efficiency 
of designing and manufacturing prosthetic sockets and interfaces that exploit all of 
the potential benefits afforded by AM. 
6.2 Methodology 
6.2.1 Reducing the CAD Workflows 
In both the first and second study, a workflow diagram of the steps taken to 
produce the hybrid socket in CAD was created. While these large detailed diagrams 
help to visualise the strengths and weaknesses of CAD in relation to producing these 
hybrid sockets, when it comes to theorising a future hybrid CAD system, 
simplification is required to find the core steps the system will require.   
To decide on the steps that a hypothetical CAD system will be formed of, the 
existing work flows were divided up and simplified into an ideal step-by-step 
process. 
 
Figure 119: Grouping sections of the workflows from study one (Figure 102) and two (Figure 116) into 
categories 
Initially each workflow was grouped by the sections of the CAD criteria that they 
satisfy. From here the sections that are similar were grouped together to reduce the 
order further (Figure 119). 
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It was decided to combine the Porosity for Comfort and Lattice Structure stages of 
the CAD criteria into a single step named Defining Breathability. This allows the user 
to make a conscious decision as to whether a large area of Porosity could be instead 
replaced by a lattice, reducing the material cost and the time to print, as a large 
area of porosity populated by microstructure would take much longer to print. 
As in both workflows, Active Surfaces were both a single step. It made logical sense 
to group this with the Cell Channels step to create the new Cell Environment Step. It 
was at this point in the study that a decision had to be made about this step. 
Through the previous two studies, these criteria were included on the socket model 
as the design intent was a vehicle for testing whether these desired features could 
be performed with current CAD systems. The reality of these criteria is that they 
would aid to promote growth of motor neurites from the patient’s residual limb to a 
collagen muscle construct. Due to the inability for these cells and muscles to be 
removed from or live outside of the body, some form of osseointegration would be 
required for this part, as well as that fabricated in biologically compatible materials. 
Some form of exposed connection would transfer the signals from the 
osseointegrated section into the socket for driving the artificial limb. From here, 
these steps will be treated separately from the rest of the steps as they will 
ultimately produce a separate part. 
Import Scan 
Data
Assigning 
Materials 
Defining 
Anisotropy
Creating 
Breathability
Export for 
Printing
 
Figure 120: Simplified core workflow 
Figure 120 shows the simplified core workflow that the hybrid system will be built 
upon. The bi-directional arrows show the desire for a non-dependent nature when 
creating features, allowing the user to be able to go back and forth between certain 
steps and make changes should they require. This would be handled by some kind 
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of background model tree, allowing for the three middle processes to be 
undertaken in any order or omitted altogether. 
6.2.2 Importing Scan Data  
The first step the user must perform is importing patient medical scan data. 
Addressing Anatomical Form in the CAD criteria, the system should be able to 
import geometry based medical scan data such as MRI or CT scans or laser scanning. 
This would work in the same manner as systems such as Materialise Mimics or 
Geomagic Studio. 
 
Figure 121: Mock-up of the user interface for importing scan data 
File Import... User selects patient scan
User defines 
socket split
User defines 
socket thickness Generate
 
What the User Sees 
Figure 121 shows a mock-up of the user interface for this step. Upon clicking the 
‘Import’ tab, the user is presented with a drop down menu. The user would then 
click the ‘Import Scan…’ button and select the MRI or CT scan data of the patient. 
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The system would then load in the scan and generate the geometry from it. Once 
the scan is imported into the environment the user will then be able to define an 
open curve that will represent the socket opening. This curve will then split the 
geometry, and based on the user selection, anything on one side of the split is 
hidden from the GUI. Finally, the user defines the thickness of the socket; this takes 
the zero thickness surface shell and gives it a dimension. 
What Occurs in the Background 
In a similar manner to Geomagic or Invesalius, (Section 2.4.1), the MRI or CT scan 
data of the patient’s residual limb will be converted into a polygon mesh. A 
patient’s residual limb will often have deep scarring and other damage as a result of 
limb loss and surgery. In order to counteract this, causing an issue when creating 
the socket shell, some kind of smoothing or auto surfacing process could fill and 
smooth these scars to create a more uniform socket shell. As an example, this could 
be conducted with re-meshing routines or volumetric modelling functions similar to 
Geomagic Freeform to fill and contour the socket into a smooth shell. 
When applying the curve, the system may convert the model from a mesh into a 
NURBS surface. This curve can either be interpolated onto the surface via a series of 
points (like Geomagic) or on a flat plane above the model (like Rhino). If this was 
the case, the system could automatically orientate and lock the model to a front 
facing datum plane. 
Thickening the socket would be done in a similar manner to Rhino’s offset surface 
command and the offset would occur outwards from the shell. This process should 
take the highest precedent on the model tree and the following steps should alter 
the surface before this thickening happens. 
The following steps are interchangeable from this point on; they are not reliant 
upon each other to be applied to the geometry, and an omission of a step will not 
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affect the user’s ability to perform the other steps. The user will also not be able to 
go back to this step and make changes as the entire geometry of the model will be 
built upon this data. 
6.2.3 Assigning Material Properties 
The step for assigning material properties addresses the Multiple Materials and 
Material Grading sections of the CAD criteria. The step is inspired by the material 
assignments found in AMF tools. 
 
Figure 122: Mock-up of the user interface for assigning material properties 
Materials Import FEA mesh...
User places 
material points Generate
Select 
geometry...
 
 
 
What the User Sees 
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Figure 122 shows a mock-up of the user interface for this step. The user clicks the 
Materials tab and the next menu drops down. The user selects the socket geometry 
and imports the FEA mesh of the patient’s residual limb that would have been 
obtained during the clinical process. Work is being conducted by another member 
of the research cluster for generating these FEA meshes. The user can then place 
any number of points on areas of high pressure using the FEA mesh as a guide, and 
the radius of the material boundary around each point is user defined. Once the 
points have been defined, the user will click ‘Generate’ to make the changes take 
effect. 
What Occurs in the Background 
For material properties, an FEA mesh of the socket will be required. The system 
would align this FEA mesh with the geometry and the geometry would become 
either translucent or transparent. The point placement would not affect the FEA 
mesh and would instead lie on the surface of the geometry.  As these points are 
areas of high pressure, the points will be the centre of an area of a softer rubber-
like material that will then grade into a harder polymer. The radius of the region of 
the material will be calculated normal to the surface at the point. The state of the 
model at this point will affect how the material regions are created. In the literature 
review, a common practice for storing material data in a model would involve using 
some kind of datum, in this case a point. This would work with solids or mesh 
geometry and the grading of material from hard to soft would be performed with a 
similar equation to the material grading formulas found in AMF Tools. Alternatively, 
boundaries can be created in a similar manner to the split in the previous section. 
The system would create a series of boundaries extending outward from the point 
remaining normal to the surface and these boundaries would the divide the surface 
up into numerous material regions. These regions would then be assigned a 
material gradient much like the AMF Tools solution above. 
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Another consideration for multiple materials could also be a grading from the inner 
surface of the socket to the outer surface. Drawing inspiration from technical 
textiles, such as Gore-Tex, as an example, the inner surface of the socket may 
require a combination of soft and porous material to draw sweat away from the 
skin, while the exterior surface will be a hard material with channels intending to 
wick the sweat out of the socket. For this approach, the inner surface of the socket 
would be the datum and the material would grade outward from there with an 
adjustable parameter. 
 
Figure 123: Options for material grading directions 
The application of multiple materials may also not be exclusive to structure and 
comfort. Application of certain materials in various areas for their clinical or 
antibacterial properties may also be necessary and have a variance from patient to 
patient. Further considerations would be required as to how to map these materials 
to the socket (Figure 123). 
6.2.4 Defining Variation of Directional Stiffness  
As the name suggests, this step handles Variation of Directional Stiffness from the 
CAD criteria. 
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Figure 124: Mock-up of the user interface for defining Variation of Directional Stiffness  
Variable 
Stiffnes
Define number 
of grooves Generate
Select 
geometry...
 
What the User Sees 
Figure 124 shows a mock-up of the user interface for this step. After clicking the 
Variation of Directional Stiffness tab, the user would be presented with a drop down 
menu. Once the geometry is selected, the user defines the number of Variable 
Directional Stiffness grooves they require for this particular socket. Clicking 
generate will then create the new geometry. 
What Occurs in the Background 
The system would place an axis through the centre of the socket model. This would 
be a datum for patterning the Variable Directional Stiffness grooves onto the socket 
surface and would be generated by a bounding box encompassing the geometry. 
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This would work much like the solid operation of a sweep and the user will be able 
to define how many grooves this particular patients socket would require. 
A possible background conversion to a volume object such as Symvol may aid in this 
step. When testing this step, the way the model is made up of multiple NURBS 
patches would cause numerous issues, as a projection for a sweep in the solid 
environment or a chamfer in a surface environment requires the user to select each 
NURBS patch/edge involved. This could be done in a manner akin to Symvol Cloud; 
a parameter driven version of the Symvol plug-in designed specifically for using 
Symvol in online mass customisation toolkits. This way the subtracting shape, in this 
case the Variable Directional Stiffness groove path, would be defined in the 
background and adjusting the parameter for the number of grooves will increase or 
decrease these shapes about the axis. An option for creating geometry should also 
be considered, should a groove end up passing through an area of lattice or porosity. 
As a possible combination with the previous step, Variable Directional Stiffness 
grooves could be mapped to follow the regions of multiple materials. This could 
avoid the soft material that allows flexing with the Variable Directional Stiffness 
grooves bisecting areas where hard materials are required due to structural reasons. 
This option would create reliance for Variation of Directional Stiffness on the Multi-
Material stage which may not be desirable. 
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6.2.5 Creating Breathability 
 
Figure 125: Mock-up of the user interface for creating breathability 
Breathability Import sweat map... Generate
Select 
geometry...
Create 
boundary...
Porous or 
Lattice?
Adjust 
prarameters
Porous
Lattice
What the User Sees 
Figure 125 shows a mock-up of the user interface for this step. The user selects the 
Breathability tab and selects the geometry in the drop down menu. The user would 
then import the sweat map of the patient they are working with. This is a guide for 
the user to create the boundaries of the breathable regions. The user then decides 
if the region will be porous or a lattice. Once this decision is made, the slider can be 
adjusted to increase or decrease the density of the porosity/lattice. Once 
completed the geometry is created by clicking generate. 
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What Occurs in the Background 
For the breathable portion of the model the user would have to import a sweat map 
of the patient’s residual limb (Section 2.4.1). This would be mapped to the socket as 
a texture, allowing the user to employ it as a reference for sketching breathable 
boundaries. 
If the user choses porosity, the system would convert the existing geometry to a 
volume object and extrude the boundary to the thickness of the socket to create a 
boundary. A predefined microstructure volume object would be tiled to fill the 
region and a Boolean intersection would subtract the microstructure block from the 
socket region. The resulting model would be returned to mesh upon generation. 
If the user selects lattice, the system would convert the geometry to NURBS and 
generate a Voronoi pattern on the surface. Then in a similar manner to the 
Grasshopper algorithms in the second study, a lattice pattern would be generated 
and split from the surface of the socket. This would then create voids in the socket 
after generation. 
6.2.6 Export for Printing  
After the previous interchangeable steps, the step of Export for Printing must come 
last. This step incorporates the CAD Criterion of robust structure and is inspired 
primarily by AMF tools.  
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Figure 126: Mock-up of the user interface for exporting for printing 
Breathability Save as AMF
 
What the User Sees 
Figure 126 shows a mock-up of the user interface for this step. The user selects the 
Export tab and the drop down menu shows the ‘Save as AMF…’ button. The user 
can the save their completed model ready for printing. 
What Occurs in the Background 
Much as it is done in AMF tools, the completed model is saved in an AMF style file 
format. The material grading information will be inherently stored in this file type 
for machine dependent slicing. Once exported, the resulting file will not be changed 
by any modifications made to the previous steps. If the user makes any changes, 
they will need to export the geometry once again. 
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6.2.7 The Model Tree 
 
Figure 127: Mock-up of the model tree for the hypothetical system, the arrow shows that those steps 
are interchangeable 
In order to handle the various format changes that the system will require and to 
allow the option of going back to a previous step and altering it, a model tree is 
desirable. This would also aid in the robust structure of the system by allowing 
ordering of geometry modifications in the background. 
Figure 127 is a visual representation of the model tree that shows the reliance that 
each step has on the others. As mentioned above, the import step cannot be 
altered once another step has been applied as Variation of Directional Stiffness, 
Breathability (Lattice) relies on the geometry provided by the Import step. The 
reason the Variation of Directional Stiffness, Breathability and Multi Materials 
stages are interchangeable and can be omitted is because they do not rely on each 
other, they only rely on the Import step. This independence also helps to facilitate 
changes between meshes, NURBS objects, volume objects and Brep where 
necessary. 
It also elaborates on how the system should intelligently place the steps within the 
model tree depending on the geometry they rely on.  To create a lattice for 
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breathability, the changes to the socket surface must be made before the socket is 
thickened whereas porosity for breathability requires a three-dimensional space to 
produce the feature. When the user makes the selection between lattice and 
porosity during the breathability step, the system would place the feature on the 
model tree before or after thickening. Multi-Materials, whether it be based on 
pointwise geometry references or splitting the socket into materials sections, can 
occur on the socket surface before thickening. The thickening of the socket would 
then extrude the materials sections normal to the socket surface. Variation of 
Directional Stiffness, whether it is a subtraction or addition to the geometry, 
requires the outer surface of the socket to create grooves. This creates a reliance on 
the socket thickness defined in the Import stage so places this stage after it in the 
model tree.  
6.2.8 Cell Channels and Active Surfaces 
 
Figure 128: CAD model of possible osseointergated interface that would house Electromyography 
(EMG) sensors 
One advantage of separating the Cell Environment stages from the rest of the CAD 
criteria is that these parts can become mass produced via either AM or 
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conventional means, rather than needing to be tailored to each patient. This would 
reduce production costs as these parts could be manufactured in bulk. 
Following on from what was mentioned earlier (Page 13), osseointegration would 
be required to allow the cell and muscle constructs to drive the artificial limb. One 
possibility could be to produce biocompatible strips that have the cell channels cut 
into them and active surfacing applied where necessary and a chamber for growing 
the collagen-muscle construct. The muscle construct could then be grown on the 
chamber and the motor neurites populate the channels ready for being medically 
implanted into the patient beneath the skin. A variation of the medical operation 
targeted muscle re-innervation could be used to connect the nerves of the patient’s 
residual limb to the cultivated motor neurites, allowing the patient to flex the 
muscle constructs with their existing nervous system. 
The second component to complete the osseointegration would be a connector 
that is screwed into the bone. The design shown in Figure 128 has integrated 
housings for Electromyography (EMG) sensors that would be situated over the 
muscle constructs beneath the skin. These sensors would then send signals to the 
artificial limb of the patient via a connection plug which would be housed within the 
socket. These parts may require customisation to ensure the EMG sensors are 
situated correctly over the muscle constructs. The screw would likely be titanium 
due to its biocompatibility and common use in other bone related implants, while 
the body of the sensor housing could be produced via AM. 
6.3 Result 
6.3.1 Comparison of Workflows 
With the above decision to separate cell channels and active surfaces into a generic 
mass produced part, the steps involving producing these properties in the previous 
two studies workflows are excluded from this comparison. 
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Table 39: Comparison of control, second and theoretical workflows 
 
Shown in Table 39, in the control model, it took three steps and two system 
changes to import patient geometry, cut the socket to shape and thicken the 
surface into a printable geometry. With the second study, the need for a system 
change in this step was removed as the thickening of the socket came much later in 
the work flow. In the hypothetical system three steps would be taken to import 
geometry, importing patient scan data, trimming the socket to shape and thickening 
the surface to create a solid geometry. 
Creating Variation of Directional Stiffness in the previous studies was done in two 
different ways. The control model created the grooves by subtracting geometry 
from the solid socket model, taking less time and requiring low user interaction. The 
second study created geometry to fill the gaps made in the surface post extrusion, 
leading to more steps and user input. With the hybrid system a large amount of the 
process will be performed in the background, as the shapes of the Variable 
Directional Stiffness grooves are ultimately generic. The user need only select the 
number of grooves they require and the system does the rest. 
While defining porosity in both the control workflow model and the second 
workflow took a reasonable amount of interaction, creating lattice structures were 
much more time consuming. As a result of this, it was decided for the hybrid system 
that these steps would be combined, and much of the feature would be generated 
Porosity Latice
Steps 3 2 4 14 19 (3) 3 91
Systems 2 1 1 2 1 2 4
Repetitions 0 6 5 2 2 0
Steps 2 3 6 12 15 2(1) 64
Systems 1 1 1 1 1 1 3
Repetitions 0 0 2 2 0 6
Steps 3 2 1(2) 1 18+(2*n)
Systems 1 1 1 1 0
Repetitions 0 0 n 0
Workflow Criteria Import 
Geometry 
3
Control Model
Second Study
Theoretical 
Breathability Create 
Anisotropy
Multiple 
materials
Export for 
Printing
Total
2(3)
1
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in the background and parameter driven. The result greatly reduced the number of 
steps and amount of user interactions needed to produce these features.  
Due to the repetitive nature of segmenting material regions into individual shells, 
the control model and second workflow had a high number of steps. These 
workflows could also not represent FGMs. Due to this the hybrid step looked back 
to the literature for improving the efficiency of this step. 
Start
Import Patients 
Scan
Define Socket 
Split
Define Socket 
Thickness
Import FEA 
Mesh
Define Number 
of Variable 
Stiffness 
Grooves
Place Material 
Points n Repetitions 
Import Sweat 
Map
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Lattice?
Create 
Boundary
Adjust 
Parameters 
Adjust 
Parameters x3
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s 
Export for 
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End
Main Route
Optional Route
Adjust 
Parameters
Porous Lattice
 
Figure 129: Theoretical workflow of the theorised system 
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With the hybrid system, the export phase is reduced due to material properties and 
other information being defined within the model much like was demonstrated 
with AMF tools in the second study workflow.  The theoretical workflow is shown in 
Figure 129. 
6.3.2 Strengths and Weaknesses of CAD Simplification 
With the decision to streamline the level of CAD interaction required to produce a 
socket, the issue of the advantages and disadvantages of simplifying CAD needed to 
be addressed. While the advantages of reducing CAD interaction for the scenario 
explored in this research is clear, some consideration had to be made of the 
possible drawbacks that simplifying CAD could have for the user. Table 40 shows a 
list of advantages and disadvantages. 
Table 40: Advantages and disadvantages of simplifying CAD 
Advantages Disadvantages 
- Speed - Lack of flexibility 
- Convenience 
- Wider user base 
- Ease of use 
- Tailored to the 
specific use 
- Creative 
restrictions 
- Limits usability 
 
With a streamlined, custom CAD system for producing socket models the speed at 
which these geometry can be created are improved. As the user is only presented 
with the tools needed to create socket geometry, they can get the work done much 
faster than if they had a range of possibilities in front of them. It is also more 
convenient as the tool is tailored to the cause. This simplicity further introduces 
CAD to a wider user base, as rather  than having to learn a range of complex 
geometry creating and altering tools, the user is presented with a toolkit that is 
simplified and easier to learn in a shorter space of time. Finally the system is 
tailored to a specific use, so for users who wish to use CAD only for producing 
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prosthetic sockets will have an alternative to buying a more mainstream 
commercial system. 
The counter points to these advantages include the lack of flexibility. A stream lined 
system imposes a number of creative restrictions on the user, if the option to make 
a modification or create a feature that the user wants does not exist then they 
cannot include that feature in their model. This also limits usability and the 
adoption base, as the system is only useful to those who wish to create the specific 
components that the system is tailored towards.  
One option for consideration could be to disable tools visibility and select ability, 
only highlighting the icon/text and making it clickable when said tool is able to be 
used. This would reduce the intimidation level for the user as they could only click 
tools that can currently be used, and would almost provide a step by step 
walkthrough of the system to aid the user in creating the socket. 
6.3.3 Review of Solutions 
At numerous points in the hypothetical system, the idea of changing the format of 
the model to a CAD archetype that suits that particular step is discussed. It is 
therefore a priority that the system is able to dynamically convert the models 
geometric representation to NURBS, Brep, Mesh or Volumetric depending on the 
operation being performed in that step. 
In the hypothetical system, the ‘Import Geometry’ tab creates the base datum of 
the model (Page 215). The occurrence of other features before or after the 
thickening step is handled by the model tree. Whilst the dimension of thickening 
can be altered at any point, the base geometry and trim cannot be changed after 
geometry is generated. It would be too complicated for the system to update all the 
datums and dependencies, likely creating multiple failed features. 
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To create the central axis that Variation of Directional Stiffness requires (Page 219), 
a bounding box should be created around the socket geometry. The axis would be 
placed through the top and bottom of the box, whilst being offset evenly from the 
front, back, left and right faces of the box. With the non-dependent nature of the 
hybrid system there is a risk of the grooves overlapping with areas of porosity of 
lattice. To avoid the grooves having gaps that could compromise their structure, the 
method proposed would first create geometry along the path to fill in any holes 
that will occur from the porosity or lattice steps. Following this’ the channel will 
then be cut into this new geometry, alleviating the chance of the above problem 
occurring. 
The combination of porosity and lattice structure into a single breathability step 
helps to ease user interaction (Page 226). Importing the sweat map to use as a 
guide for defining the regions can be done in one of two ways. The first would be to 
wrap the geometry with the sweat map as a texture. This would likely require some 
specific set up for the image file to ensure that the regions match where they 
should on the model. The alternative option would use datum planes rather than 
the sweat map image itself. As with the Variation of Directional Stiffness a bounding 
box around the geometry would be created. This time a plane would go through the 
left right sides of the bounding box and a second plane would go through the front 
of the box to meet the left, right plane. This method could do away with the need to 
sketch a region curve, the planes could be used to split the surface, and then the 
edges of the three sections could be converted into a curve, similarly to how the 
‘DupBorder’ or ‘DupEdge’ commands create curves in Rhino. These curves could 
then be offset on the surface; again like Rhinos ‘OffsetCrvOnSrf’ command to be 
used as boundaries for the porous and lattice areas. This is desirable as it reduces 
the amount of interaction required by the user and, as sweat maps always retain 
the same regions regardless of the subject, this method could also eliminate the 
need to map the sweat map texture onto the surface. The solutions for creating the 
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lattice and porous holes will be performed procedurally much like Grasshopper, 
where the user adjusts parameters to alter the resulting feature. The lattice would 
be formed in exactly the same way as the second study (Section 5.2.3), while the 
porosity would pattern a predefined shape normal to the surface within the region 
before a Boolean subtraction, the density of which would be altered by the 
parameter slider.  
When creating graded materials (Page 217), the theoretical proposal looks back to 
the literature review (Section 2.5.3). While separating the socket into shells that can 
be given different material assignments is the current norm for multi-material 3D 
prints, this solution is not ideal. It was decided that datum points would be used for 
creating material regions. A shape would then be created normal to the surface as 
the core of a different material region and once the shapes boundary is passed the 
material will grade into the main socket material. This could be done with a 
conversion to a volumetric model, much like how users can paint onto volumetric 
models in Geomagic Freeform Plus but in place of the user defining the regions by 
hand a parametric adjustment would define the area of the material at the point 
and how gradual the materials grade into each other. The recent Autodesk 
Monolith (Section 2.5.4) shows a similar approach with their ‘Paint’ function. The 
brush is consistently normal to the surface as seen in figure (Figure 54), and while 
their approach is more freeform then the parameter driven one suggested here, it 
shows that the thinking here is on a similar path to the CAD development industry.  
The Export solution (Page 223) was inspired by the AMF format and the AMF Tools 
software. When exporting the socket geometry for printing the material data and 
other important features must be retained in a manner that can communicate with 
AM machinery. Rather than needing to import geometry and apply material 
information as AMF Tools does, these material assignments will be made in the 
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materials step, so the only processes this stage entails is converting the geometry 
and material properties into a relevant file type.  
6.4 Conclusion   
This study answers the research question ‘Is it possible to combine design tasks into 
an overarching CAD package?’ The hybrid system theorised in this study is a single 
CAD system that allows geometric representation to be converted depending on 
the step. For example, the patterning and extrusion of pores would be best 
achieved as a volume object due to the mathematical nature improving the 
accuracy of the geometry at various scales while the creation of a lattice structure is 
best performed using NURBS. Much more focus was placed in this study on changes 
to geometry being made in the background by the system, providing the user with 
parameter options to alter the geometry where necessary.  
The previous two studies highlighted the need for a hybrid CAD approach, meaning 
this study took a greater focus on creating this hybrid environment.    
The ultimate shortcoming of this study is that all the solutions posed are theoretical. 
The entire work prior to this study focused on gathering literature and knowledge of 
CAD systems in order to ensure these theories are grounded and technically 
feasible, but without the facility to prove these theories, they will remain 
unanswered.  
For certain stages of producing the socket geometry, more than one solution has 
been posed. While these solutions are based in literature and knowledge gained 
throughout the research study, they are still theoretical. At the time of writing it is 
not possible to test these solutions to prove whether or not they are possible, also 
meaning that it is not possible to determine which solution presented is superior. 
One possible solution to this issue is that when the theorised solutions reach the 
software development stage, the software engineers will be able to establish which 
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of the solutions is more desirable based on criteria such as, which is easier to 
implement, which is most cost effective, and so on.  
The results of this study could aid individuals who are looking to create a parameter 
driven CAD toolkit for producing medical devices. The study also provides theories 
of the possibility to have inherent CAD archetype changes within a system where 
they are needed to create a more flexible hybrid CAD environment.  
External Research Validation 
 
 
 
 
233 
 
 
7.  External Research Validation 
7.1 Introduction 
With the result of the third study providing some form of deliverable, this chapter 
involves approaching potential end users with the intention to having them review 
the theorised system and software design specification. The result of these 
interviews will affect the future versions of the specification and provide future 
work opportunities for further expanding this research.  
Using the methods outlined in Section 1.3.2, two separate interview groups were 
approached. For a pilot study, other CAD researchers were approached and 
presented with the work done during research and the end deliverable of the 
software design specification.  The result of these interviews informed the need for 
a second interview session, this time approaching the intended end users, 
prosthetist’s for their feedback as to how the resulting system could be improved to 
better suit their needs.  
The objectives that this chapter intends to solve are as follows: 
- To assess the viability of the propped solution and software design 
specification 
- To present the research done to those outside of the feedback and gain 
their feedback on the work done. 
- To assess the quality of the prosed solution with those who will actually be 
using it. 
- To inform any future work that may be done around this research work.  
The topic of this study is interviewing CAD users, developers and prosthetist 
to gain their opinions on the work done and garner any feedback that they may 
provide to further improve the work done. 
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7.2 External Research Validation 
In order to assess the quality of research performed and the effectiveness of the 
Software Design Specification (Appendix I.II), it was decided that some external 
research validation would be performed. To do this, a presentation (Appendix I.VI.I) 
and a number of questions (Appendix I.III) were prepared to be given to other 
researchers and experts in the field of CAD in order to gain their feedback on the 
work done. 
7.2.1. Interview Methodology 
This chapter involves a number of participant interviews intended to review the 
quality of the research by those who would one day use the technology this work 
proposes. Because of this, some exploration of interview research methods needed 
to be undertaken to aid in shaping the study. For this, Gubrium and Holsteins’s 
(2002) Handbook of Interview Research was consulted. From the section of ‘Forms 
of Interviewing’ it was decided that Survey Interviewing would be the method used 
for interviewing participants. The goals of a survey are given as follows; 
- Develop a sampling plan. 
- Devise appropriate questions. 
- Select the survey mode. 
For the sampling plan, it was decided that individuals who work with current 
methods of prosthetic would be the only inclusion/exclusion criteria when selecting 
participants. 
Two sets of questions were devised (Appendix I.III), one set based around the 
software design specification that was presented to participants ahead of the 
interview and one based around the presentation that is given to the participants 
by the interviewer at the start of the interview session. 
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For the survey mode, interviews will be conducted face-to-face or if this is 
impossible then the interview will be done via video call (Skype etc.) that allows the 
presentation to be screencast to participants. 
Gubrium and Holsteins’s (2002) also provide four standardised rules for 
interviewing: 
1. Read the questions exactly as written. 
2. If a respondent does not answer a question fully, follow up probes to elicit a 
better answer. (“Tell me more”, “anything else?” etc.) 
3. Record answers to questions without interoperating or editing. 
4. Maintain a professional, neutral relationship with the participant. (Do not 
give personal opinions, personal information or judgment on content of an 
answer.) 
For the sample size Guest et al. (2006) state that in a group of homogenous 
participants (a group of participants who are of the same level or position) 
saturation (acquisition of adequate data) will occur with around 12 participants. As 
the sample group of prosthetist’s who work with socket fabrication is homogenous, 
it was expected that a group of 10 – 15 participants would give a good saturation 
for these interviews. 
7.2.2 Pilot Interviews 
Various researchers with expertise in CAD were approached and ultimately 
interviews were conducted. The first was a face to face interview with two 
researchers from Cardiff Metropolitan University. This interview was conducted on 
the 19th October 2016. The second was performed via Skype with three researchers 
from Bournemouth University. The interview was conducted via a screen cast from 
the Loughborough University Design School on the 21st October 2016. 
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The following questions were asked to the participants. The questions were broken 
up into two sections; the first three are about the hypothetical workflow:  
- Is the proposed workflow technically feasible? 
- Are there opportunities to accelerate or shorten the workflow? 
- Are you aware of any novel or upcoming techniques that could improve this 
in the future?  
The second three questions are about the software design specification:  
- Is the specification sufficient and complete? 
- Should any of the criteria be revised or improved? 
- Is the format of the specification suitable for the CAD community? 
The questions chosen were expected to provide ‘yes/no’ answers, and then time for 
discussion of the point was given after each question was asked. The questionnaire 
given to the participants can be found in the appendices. (Appendix I.III) 
All communication during the question and answer section of the interview were 
recorded on an encrypted Android smartphone using the Smart Recorder App. The 
transcripts of these communications can be found in Appendix I.V.I and I.V.II. 
The itinerary for each of the interviews was as follows: 
- Ahead of the interview each the participants were provided with a 
Participant Information Form (Appendix II.I), an Informed Consent Form 
(Appendix II.III Informed Consent Form) and a copy of the Software Design 
Specification (Appendix I.II). 
- Upon commencement of the interview, the participants were shown a 
PowerPoint presentation (Appendix I.VI.I) that explained the Research done 
thus far. 
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- A question and answer session based on the presentation was conducted 
and recorded via the smart phone. 
- A second question and answer session based on the Software Design 
Specification was conducted and recorded via the smartphone. 
- The Interviews were intended to take no more than one hour. 
Is the proposed workflow technically feasible? 
 
All those interviewed agreed on the feasibility of the proposed workflow. The CAD 
researchers commented on how usability issues create a large barrier of adoption 
for both CAD and AM technologies. Prosthetists and clinicians may be drawn by the 
simplified approach to designing sockets that the workflow offers. Participant B 
stated that “automation where possible but with plenty of options for manipulation 
on the users part” [01:13] would be the ideal outcome for this kind of work. 
The CAD developers also agreed with the feasibility of the workflow, Participant A 
stated that they felt the work was “Very Logical” [01:48]. A lot of their work centres 
around how using NURBS, meshes or B-rep independently from one and other 
makes it difficult for CAD users to satisfy all of their requirements, and that the 
issue with conventional CAD lies in the fundamentals mathematical models they are 
based on.  
Are there opportunities to accelerate or shorten the workflow? 
 
The CAD researchers recommend airing on the side of caution when it comes to 
streamlining CAD. Participant A mentioned how they started out with “a grand 
ambition of making something almost drag and drop with very minimal user 
interaction” [02:13]. Once this approach was tested with end users however they 
found that the users wanted a wider variety of options for control then they had 
anticipated. Participant B advised the creation of a test template such as a 
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PowerPoint presentation to test the proposed workflow with potential end users. 
They also complimented the software development driven focus of the approach.  
With the CAD developers, Participant B picked up on how in earlier stages of the 
research the user had to change CAD environments on numerous occasions. He 
feels that this would be a good opportunity for minimising the workflow. Participant 
A adds that heavily parameterising certain design areas is another opportunity to 
speed up the work flow, along as opportunities to include template models. This 
would mean that the user does not have to start from scratch. They add that 
possible opportunity for this could be fitting a template to the patient scan data. 
Are you aware of any novel or upcoming techniques that could improve this in the 
future? 
The CAD researchers introduce a number of CAD systems that could be beneficial to 
explore. Participant A introduced Autodesk Fusion 360 (Autodesk 2016). They state 
“the Autodesk suite is becoming quite powerful and quite flexible and that it is 
difficult to keep track of how many software packages they have now. Fusion is a 
powerful B-Rep modelling and surface modelling system that is combined with 
mechanical modelling” [04:09] although interesting, they add that this system is still 
marketed more for conventional CAD applications. They also mention Mesh Mixer 
(Autodesk 2016) and Freeform (Geomagic) but notes that none of the systems 
satisfy the niche that this work intends to fill. 
The CAD developers discuss their own approach to the future of CAD, with 
Participant A stressing the importance of including analysis and fitting in the design 
process loop. They are also interested in the “area of reverse engineering; 
segmenting and reconstructing volumetric models from a point cloud of scan data” 
[11:15]. They intend to include reverse engineering in the next version of the CAD 
system they are continuing to develop. 
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They also discuss Mesh Up (Uformia 2016), which is described as “an entry level 
CAD system where users start with meshes, convert them into volumes and then 
apply various Boolean operations with blends and even arrays before exporting the 
model to an STL or slice file”[13:57]. They believe that the user interface would be of 
interest to this work. It is an open source Java script application that could be 
adapted to suit this research. 
Is the specification sufficient and complete? 
Whilst they cannot comment on whether or not the using the system will result in a 
suitable prosthetic design, the CAD researchers interviewed agree that the 
specification is logical and well presented. Participant A said “you can see the 
progression of how someone might go through the process. You can see the logic 
behind it, it seems to be quite well encompassing in terms of design features” [00:12] 
they added that in regards to the software specification, sometimes software 
engineers tend to “over complicate things to the nth degree to make it entirely 
unreadable and unusable by anyone other than the software engineer” [00:39]. 
The CAD developers also feel that the specification is complete. Participant A states 
how the software development specification has already proved useful to them; “All 
the points you have made are correct. The next version of our software will satisfy 
most of the specification… It is a good hint for us about what to do next” [00:39]. 
Should any of the criteria be revised or improved? 
The CAD researchers could not confidently comment on this, while it appears that 
the work covers everything a prosthetic socket could need to include, this question 
would be better posed to a prosthetist rather than them.  
The CAD developers comment on how they feel that point sources are not enough 
information for specifying areas of multiple materials. Participant A also feels that 
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there are a few instances where more information should be given about what 
exactly it is that the CAD community wants within the specification.  
Is the format of the specification suitable for the CAD community? 
Participant A from the CAD researcher interview group states that they are not a 
CAD specialist but “I could read this and understand the workflow and understand 
what I would need to do to interoperate the specification and turn it into geometry 
of some sort” [02:03]. 
The CAD developers on the other hand were more apprehensive. Participant C 
stated that “You can suggest your solution to the CAD community, but the CAD 
community has the right to disagree with you!”[02:43] Participant A feels that the 
software design specification may be better suited as a Journal paper as “The 
research community and the CAD community are different. This looks more like a 
research result, for the CAD community it may have to be altered to be more like a 
software system specification, but whether or not this is necessary I am not sure.” 
[01:57] 
7.2.3 Pilot Interview Conclusion 
The discussions held with these individuals provided qualitative feedback on the 
quality of the work produced. While there is a consensus of agreement about the 
overall result of the research and the steps taken to reach the outcome, the 
comments serve as a reminder that the solution that has been found may not be 
suitable for everyone in the CAD community.  
One of the bigger positives that can be drawn from this discussion is that it has 
already helped to inform some members of the CAD community, the Software 
developers about what they can do next to improve their own system. 
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Another positive involves the comments from the CAD researchers about how they 
like the readability of the specification to communicate between users and software 
engineers.  
After these pilot interviews were conducted it was decided that the advice given by 
the CAD researchers would be followed so the next step of validation would be to 
approach various clinicians and present to them the findings and solution to get 
their feedback on how this work could affect them. Interactions with them were not 
given high priority during the research itself as the focus of the work was more on 
the enhancement of CAD while the option to create prosthetics was used as a 
vehicle for research. 
In order to correctly communicate the work done to prosthetic clinicians rather 
than CAD researchers a number of changes would had to be made to the interview 
approach, namely altering the content of the presentation to focus more on the 
CAD interface and usability rather than the details of CAD research.  
To do this, the advice of Participant B from the CAD researcher interview was 
followed and a PowerPoint template was generated in order to walk the clinicians 
through how they would interact with the system should they be using it in the 
future.  This enhanced presentation can be found in (Appendix I.VI.II Prosthetist 
Presentation). 
7.2.4 Main Interviews 
Various prosthetic clinics, both NHS and private, were approached and ultimately 
interviews were conducted. The first was a face to face interview with two 
prosthetists from Dorset Orthopaedic. This interview was conducted at the Dorset 
Orthopaedic Midlands Clinic on the 3rd May 2017. The second was another face to 
face interview with two NHS prosthetists from Blatchfords. This interview was 
conducted at the Leicester Specialist Mobility Centre on the 14th June 2017. 
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The following questions were asked to the participants. The questions were broken 
up into two sections; the first three are about the research background section of 
the presentation:  
- Does the proposed approach of the Research Cluster seem 
satisfactory/appealing? 
- Does the introduction of 3D Scanning, Finite Element Analysis and Sweat 
Mapping overcomplicate the socket manufacture process? 
- Can you think of any barrier to adoption for his kind of manufacture 
approach?  
The second three questions are about the proposed system interface:  
- Do you feel the proposed system would be useful to you? 
- Does the proposed system satisfy all the requirements for producing a 
prosthetic socket? 
- Are there any improvements you can recommend to the proposed system? 
As with the pilot study the questions chosen were expected to provide ‘yes/no’ 
answers, and then time for discussion of the point was given after each question 
was asked. The questionnaire given to these participants can be found in the 
appendices. (Appendix I.IV) 
Once again all communication during the question and answer section of the 
interview were recorded on an Android smartphone using the Smart Recorder App. 
The transcript of this communication can be found in Appendix I.V.III and Appendix 
I.V.IV. 
The itinerary for each of the interviews was as follows: 
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- Ahead of the interview each the participants were provided with a 
Participant Information Form (Appendix II.I) and an Informed Consent Form 
(Appendix II.III). 
- Upon commencement of the interview, the participants were shown a 
PowerPoint presentation (Appendix I.VI.II) that explained the Research done 
thus far. 
- A question and answer session based on the presentation was conducted 
and recorded via the smart phone. 
- The Interviews were intended to take no more than one hour. 
Does the proposed approach of the Research Cluster seem satisfactory / 
appealing? 
In the first interview, the first issue raised by participant A is that there is no means 
presented in the proposed approach for holding the socket onto the residual limb. 
With regards to the osseointegrated idea presented in Section 6.2.8, Participant B 
made the point that with osseointegation you remove the need for the socket, as 
the loading forces of the patient are carried by the skeleton. 
Participant A also raises the issue of liners obstructing the lattice and porous areas 
of the proposed design.  They go on to mention that there are some breathable 
lines available on the market at the moment, but those products are very early in 
adoption. 
In the second interview, participant A drew focus to the need for more regular 
scanning of a patient. They note that as the system is so heavily built around the 
medical scan data, every time a new socket needs to be made a new MRI scan of 
the patient would need to be taken. Participant B adds that if FEA meshing was to 
be incorporated into the process, it would have to be done by prosthetists. They 
elaborate, explaining that “once they have had their amputation they are not in 
hospital for a long period of time”. [01:16] Patients visit the centre quite soon after 
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their operation for Physiotherapy, so FEA analysis could be incorporated into these 
early sessions. 
The participants also liked the idea of multiple material applications, discussing the 
similarities to current double layer sockets. These sockets are made of a softer 
flexible material that is supported by a second rigid frame like socket that as 
participant B states “connects to the components and gives the rigidity”.[03:31] 
Participant A also likes the possibility of variable stiffness, mentioning the closest 
thing to this they know at the moment is a urethane like material that “does allow a 
little bit of fluctuation.”[04:21] Participant B also mentions Click Medical’s RevoFit 
system (2016) although they did not know the name, as a market option that is 
similar to Variable Stiffness. 
Participant A’s final statement on this question “What we really need is something 
that is quite easy to do and repeatable, that actually fits the patient.”[04:56] This gives 
good direction for further work. 
Does the introduction of 3D Scanning, Finite Element Analysis and Sweat Mapping 
overcomplicate the socket manufacture process? 
Participant B points out that 3D scanning is currently used in prosthetic clinical 
practice, primarily in the NHS. One issue that they have with 3D scanning is that the 
quality is not up to scratch and this interferes with the ‘art’ of making a socket. They 
don't believe that 3D scanning performs as well as creating clear test sockets to see 
first-hand where areas of pressure and relief are needed in a final socket.  
They go on to mention how a positive use for current 3D scanning is taking a digital 
copy of a patients good, well-fitting socket so that if it becomes damaged or 
anything else happens to it, it can be reproduced without the need of storing a large 
physical socket.  
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For finite element analysis, participant B feels it would be more useful for when 
problems occur with the patient and their socket. Patients have a difficult time 
pinpointing sources of pain with their prosthesis due to nerve damage. When 
assessing a clear test socket dynamically it is very difficult to see inside, so a means 
of dynamically tracking pressure on the residual limb via FEA would be desirable. 
Participant A mentions how they have some previous experience with CAD, but 
prefer the traditional approach involving wrapping the residual limb and casting in 
plaster of Paris, but notes that they have colleagues and friends who use CAD as an 
approach and with great success. The approach varies depending on the prosthetist.  
Participant B summarises that the technology is “just not there yet.”[07:56] In their 
clinic they have the facilities to assess, cast, and manufacture a socket in the 
traditional approach and then asses and rehabilitate the patient. For smaller clinics, 
the possibility of being able to scan a patient digitally and then send the data over 
to whoever is manufacturing the prosthesis, rather than having to have a large 
physical cast delivered could be “more appropriate”[07:56]. 
Participant A also mentions the ever changing nature of a patient’s body. Trying to 
fit a socket to the residual limb when the volume varies based to time of day, 
medication and other influences can be very difficult. This fluctuation of volume 
also varies from patient to patient. They state “I can cast someone today and it can 
fit beautifully or I can cast someone today and it doesn’t fit tomorrow.” [09:00] 
Participant B disagrees with the point that this work makes about CAD not keeping 
up with manufacture. They bring up TracerCAD (Section 2.3.6) and talk about how 
the CAD image and the alteration the system allows is crisp and clean where as the 
result of CAM has a very rough surface. When this ‘cast’ is given to a manufacturing 
team they have to spend a large amount of time post processing before it can be 
draped. They add that TracerCAD is used in a number of NHS centres. 
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The second centre interview corroborates this point, as participant B mentions the 
RODIN 4D (2016) system that they use in the centre. In relation to the question they 
add that initially the inclusion of FEA, 3D scanning and Sweat mapping would 
complicate the process. Just like the RODIN system, this participant feels that the 
proposed system would be “an extra tool in our bag”[05:42] that is only used on 
certain cases. They feel most patients are happy with the current “plaster cast, peel 
out liner and sock fit” [05:42] socket. Participant A on the other had disagrees, as “it 
would cost an awful lot of money so you would want to be using it all the time.” [06:21] 
They feel that “you’d fall back on the old methods when you get someone who just 
couldn't take [the new system].” [06:21] Participant B adds that the additional cost 
and workload would be the same for any new technology that is introduced. 
Participant A also notes the need for these additions to be simple to understand. 
The analysis aspect of the system would need to take into account the “mechanical 
features of what would happen when somebody uses prosthesis.”[06:21] Both 
participants note the effects of both static and dynamic forces on the socket.  
Can you think of any barriers to adoption for this kind of manufacture approach? 
Both participants agree that cost is the main barrier to adoption. Participant B feels 
the low resolution of the ‘cast’ mentioned above is another issue of cost, higher 
resolution machinery comes at a higher price. “If your contract for manufacturing 
for a year is only two million then you are not going to buy a couple of million pound 
machine, the two ends aren’t going to meet.” [11:51] 
Participant A adds the need for “software to modify the socket” [12:27]. A socket 
made from a clean cast of a patient’s residual limb “just wouldn't fit” [12:27]. The 
majority of patients with transtibial amputations seek rehabilitation through the 
NHS, so when a patient is paying for private care they expect vale for their money. 
Both participants note that NHS budgets are very tight. 
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As with the previous interview, the participants from the NHS centre agree that cost 
is the main barrier to adoption. Participant A adds that his is due to the small size of 
the industry. Participant B also notes the issue of time; it would take time to train 
individuals on how to use the new system. They add that there is no room for error 
either, “we don't get the opportunity to remake and remake [the socket]” [09:52]. 
Participant A also adds that the system could be “very difficult to learn” [10:16], and 
that the future intention is to reduce the level of skill needed to produce a socket, 
not increase it.  
Do you feel the proposed system would be useful to you? 
Participant B feels that “where the costs and everything have gone down, a system 
where we can tweak it and adjust it and get very familiar with it, then I certainly 
think there are a lot of elements on there that would be useful.” [15:51] 
Participant A finds the Variable Directional Stiffness interesting, and Participant B 
agrees adding that they like the option to define areas of softer material, and the 
aforementioned suggestion for applying FEA meshing “a potential way that you can 
see dynamically what is going on with a patient is desirable because that is the one 
bit of prosthetics which is still very much a guessing game.” [16:13] 
Participant A also stated “we have to rely a lot on what the patient’s feedback, and 
sometimes patients aren’t the best at feeding back” [16:28] Participant B reiterates 
the earlier points around nerve damage affecting the patient’s ability to diagnose 
soreness when using their socket.  
Participant A state’s “prosthetics is described as a science and an art, If it was purely 
science I think our job would be a lot easier” [16:56]. 
In the second interviews, Participant B feels that a step by step system would 
indeed be useful. Participant A adds that the proposed system skips a step that 
other systems they use don't. TracerCAD and RODIN create the positives they need 
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for draping or laminating, whereas the proposed system goes directly to the socket 
itself. They also praise the addition of FEA, adding an element of analysis the 
existing systems don't offer.  
As with the previous interview, both participants point out the need for an option 
to modify patient geometry. Participant A states “we would have to have the ability 
to make modifications because what’s the point in showing us all those things unless 
you can.” [13:39] Participant B again mentions RODIN as a starting point, and 
Participant A adds the idea of loading the patients limb for scanning, possibly using 
a system like Icecast (2015). While participant B summarises that analysis would 
need to be performed before the proposed system is used. They add that the 
system is geared more towards manufacture than the prosthetists themselves.  
Participant A goes on to add that to a prosthetitst, the method of manufacture 
doesn’t really matter. Ideally they would like something that you can “manufacture 
quickly and easily because people change” [17:07] Participant B states that “sockets 
are only manufactured over what we have created”, “manufacture is important as it 
depends on the socket material” [16:48] and that if prosthetists “don't do our bit right” 
[16:48] then a lot of time and money is wasted in the manufacture process.  
Participant A also makes note of the fact that patients need numerous sockets 
made for them as they continue with their lives; “you might make them a couple of 
sockets in the first year”, “you might still make them a socket every year or two.” 
[17:26] This is again caused by the fluctuation of volume in the residual limb. 
Does the proposed system satisfy all the requirements for producing a prosthetic 
socket? 
Participant B does not feel the system is satisfactory. As there is no means for 
increase or reduce pressure, a socket could not be made from a ‘cast’ made using 
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the system. Participant A adds that there needs to be an option for sculpting the 
patient’s geometry.  
Participant B gives a clear explanation for why some kind of tool to alter the patient 
geometry is necessary “They wouldn't be able to walk on it. If I literally took a cast 
of you today, took a cast, poured it, smoothed it off, made the socket from it, you 
couldn’t walk on that. You would be in agony. Without adjusting it there would be 
no possibility of you walking on it.” [17:49] 
Participant A adds “you have to design the socket so that you are not putting weight 
through the end of the tibia.” [18:08] 
Participant B again brings up TracerCAD, and discusses the functions it contains for 
adding and subtracting to the patient geometry.  They recommend that that kind of 
functionality will be good to incorporate into the proposed system.  
They also add that some method of the system building up smart recommendations 
based on previous alteration data that is stored within the system. 
Participant A also adds the need for an attachment point for the prosthetic itself. 
The participants in the second interview didn't have much more discussion to add 
on this question. While Participant A stated that the current proposed system does 
not satisfy the requirements for producing a prosthetic socket, the participants felt 
prior discussion of the previous question answer this question as well.  
Are there any improvements you can recommend to the proposed system? We’ve 
already talked a lot about this somewhat. 
Participant B elaborates on Participant A’s previous point, adding that an option for 
varying the positioning the attachment point would be useful. “Certain companies 
want the alignment in one place and certain companies would have them 
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somewhere different for their feet to work the best or to be able to adjust it to the 
specific components that we require.” [21:03] 
Participant A adds to this “Some people will have flexion differences as well so that 
would need us to be able to position the adaptor in different ways.” [21:38] 
In the second interview, Participant B reiterates their interest in multiple materials, 
and agrees with the issue of breathability. They also query if there will be any 
interface between the socket and the patients skin. Both participants query how the 
socket will be held onto the patient, with Participant A noting that modern 
suspension systems often utilise suction. They ask if the inclusion of breathability to 
the socket will compromise this suction, and enforces the point that any movement 
between the residual limb and the socket is bad. Participant B follows up on this, 
noting how sweat can “exasperate the movement” [19:38] and makes the patients 
skin “more delicate” [19:38]. Adding friction from movement into this equation is 
“likely to cause tissue breakdown” [19:38], resulting in the patient being unable to use 
their prosthesis until they are healed. Participant A agrees that sweat “does have a 
big effect on comfort and fit” [20:19]. 
Participant A feels that the most focus needs to be paid to pressure, elimination of 
movement, suspension and correct direction of forces. Participant B also feels that 
the weight of prosthetic components should be considered moving forwards. 
7.2.5 Main Interview Conclusion 
There are a number of main points that can be taken following the discussion with 
the prosthetists. The primary point of note is that the proposed system as it stands 
could not be used to create a functional prosthetic socket. As seen in Section 2.2.5   
the current manufacture of a PTB socket requires alterations to be made to the cast 
of the residual limb. Overlooking this need for modification has rendered the rest of 
the suggested system useless, but ultimately incorporation of a tool that allows 
modification of patient geometry would not alter any of the latter stages. 
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The second point, again overlooked throughout this research is the inclusion of an 
adapter mounting point. The prosthetists interviewed recommend that this should 
be variable and different patients and different prosthetics require the attachment 
point to be variable. This is another option for further work, and could be 
implemented quite simply to the end of the system. 
The third point of interest comes from using FEA dynamically as a means to assess 
the pressure on the residual limb.  This is not something that was considered 
throughout research, and could be an interesting topic for future work.  
The fourth point of interest is the recommendation that the system could use some 
form of data storage to create recommendations for areas where pressure should 
be relieved or increased. This would allow some acceleration to the clinical process 
as, while each patient is unique, some areas of alteration are consistent throughout 
all socket constructions.  
Overall the consensus gained from this interview was a position one. The 
prosthetists interviewed seemed interested and excited by the features the 
proposed system includes. This is beneficial to the work done as while there have 
been some fatal flaws revealed in the system; it shows that potential future 
adopters are reacting positively to the system.  
While the second interview reiterated a number of the points from the first, this 
interview paid a larger focus to the need for computer aided analysis to aid the 
prosthetists in their role. The introduction of FEA seemed to appeal to those 
interviewed and, like the previous interview; they were especially interested in the 
possible dynamic analysis application that this could offer. While this application is 
slightly outside of the realms of this research, it is an interesting topic for future 
work.  
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Once again the overall reaction to the work done was a positive one, and 
Participant A advised that when going forward with this research “speak to Clinics 
and bioengineers because that is where you’ll get most of your information. 
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8. Discussion 
The CAD and AM industry is very fast moving. In the span of this research alone a 
number of advancements in AM have been made in regards to materials that can be 
printed, the resolution of prints and various other factors that have made the 
industry more accessible both commercially and in the home. CAD has also 
advanced; some of the theoretical approaches listed in literature have since 
become available, along with new systems such as Autodesk Mesh Mixer that could 
improve the ability to create the desired properties outlined in the CAD criteria. 
The work set out to discover the possibilities that exist in conventional CAD, but 
instead throughout the first study a number of limitations were discovered instead. 
In the first study, the combination of using 3DS Max topology generation and saving 
it as a DXF file before importing it to use as a curve in Rhino worked well for 
providing an option of procedurally generating a lattice structure where no other 
option was available. 
The chosen method of independently performing all the tests was labour intensive. 
Each of the systems used in the two studies of practical testing had to be learned 
from scratch bar Creo. This consumed time that could have been better utilised 
elsewhere in research, and ultimately became another factor in the small number of 
systems used for testing. The benefit of this method of testing is that the systems 
were all tested to failure, this avoided opinion interfering with the results. If a 
method resulted in a failed feature or a crash, another approach would be applied 
until all approaches were exhausted. This was ultimately beneficial in the progress 
of the work. 
Also mentioned at the end of the first study, the stages of research provide a 
research methodology for anyone else intending to conduct a study into CAD for a 
specific application. The literature review provides a scope of work already being 
done in the field, providing knowledge for a CAD criteria should be conceived that 
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provides a base for the rest of the research. Initial testing of the state-of-the-art 
should be conducted to create a control model, and emerging processes should be 
added to this control model to estimate useful improvements. Finally the 
knowledge gained from this work should be used to theorise the possibilities for the 
future, leading to some kind of specification as an outcome of research.   
The need for a better file type for AM was strengthened with this work. Even with 
the second study’s approach to using AMF, the need to first save a model as a STL 
file means that a lot of the smaller scale details were lost when returning from a 
volumetric model to standard mesh representation. Uformia are currently exploring 
possibilities for directly slicing volumetric models for AM in Symvol, so it is worth 
continuing to follow their work in the future.  
Although it was not explored in full detail, parametric and algorithmic methods of 
modelling shown in Grasshopper would be very advantageous in allowing non CAD 
based individuals to take advantage of altering geometry. One of the research 
questions explore the idea of finding a solution that clinicians and patients could 
use to alter and customise the socket to their own or their patients specifications, 
but due to time constraints this idea was not explored, however the testing of 
Grasshopper proved this is possible, and the idea also influenced the simplified user 
interface and parametric nature of the theoretical approaches detailed in the third 
study. 
While AM poses a large number of possibilities when it comes to producing parts, 
its main strengths lie in creating unique bespoke items rather than replacing 
conventional manufacturing methods. This ultimately influenced the decision to 
separate the cell channels and active surfaces areas from the rest of the socket in 
study three. These parts would not need to be individualised, presenting the 
possibility for them to be created via conventional manufacturing methods instead.  
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One overarching issue that a solution was never found for involved the desire to 
quickly merge multiple surface patches into a single patch. While T-Splines provided 
a solution for combining the majority of surface patches it takes a long time to 
merge all of the edges. In testing, the solution was applied to the reduced surface 
patch model. This meant that additional pre-processing is required before T-Splines 
can be applied. As mentioned in the third study (Section 6.3.3) and the software 
design specification (Appendix I.II), a solution could be that the system just groups 
the surface patches at the time when they need to be merged rather than actually 
combine them. 
 
Due to the limited budget that the research had from the outset, it was not possible 
to purchase the expensive licences needed for a number of the more commercial 
CAD systems and some of the plug-ins. This was one of the main driving factors 
behind the choice of systems as they were all readily available and affordable. 
Sticking to readily available software could be considered a limitation, but also 
made the study practically possible but also ensured the methods could be easily 
replicated by other researchers and that results could be more readily transferred 
to actual use. As mentioned in the conclusion of the first study, a possible different 
approach could have been to conceive the tests and testing criteria and approach 
an expert in each of the various CAD systems and have them perform the tests, 
record the results and conduct interviews about their experience. This method 
would have greatly improved the range of systems that could have been tested, as 
well as the accuracy that the tests would have been performed to. The result would 
be a much more concise and overarching control model, but at a price. This kind of 
study would have been a lot more time-consuming. Experts would have to have 
been found and contacted with no guarantee of their participation. There is no 
guarantee that the method the expert used in the test is the best or most efficient, 
their proficiency in the system would also create a heavy bias towards their own 
Discussion 
 
 
 
 
256 
 
 
favoured solutions which could have made discerning which system to use for 
which stage more difficult. 
Towards the end of the research the literature was reviewed again. It is important 
at all stages of research to have a good understanding of what is going on in the 
research landscape, and to take note of any new work that can either support or 
oppose the work being done.   
The end deliverable of a software design specification was chosen to give scope to 
the work. It would never be feasible for a lone PhD student to conceive, specify and 
program a full working CAD system. In industry, large teams of people spend a 
number of years to produce a CAD package so even with a larger team it still would 
never have been possible in the research timescale. The production of a 
specification allows the aims of the research to be disseminated to the CAD 
research community as a challenge. 
Further work could entail applying this work to a patient and seeing if following the 
given workflow could produce a custom socket that improves their day to day 
comfort and ease of life when using their prosthetic.   
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9. Conclusions 
The literature review conducted at the start of this research answered the first 
research question by establishing the CAD state-of-the-art. The problem with 
establishing the state-of-the-art is that progress is constantly being made, new 
breakthroughs achieved and new developments made. At the time the research 
began, the state-of-the-art was set, but even now at the end of the research, 
advancements have been made that have changed the scope of the field. 
The first study answered the research question ‘What steps must be taken to 
produce the necessary material properties with current CAD systems?’ The study 
revolved around the CAD criteria defined early in the chapter, and that criteria 
became the core foundation of the rest of the work. Each criterion became a step 
that must be taken to produce the necessary material properties, and what 
followed was testing these steps in current CAD systems. It was proven in these 
tests that the systems chosen could indeed produce the necessary material 
properties in some way or another, so it was at this stage that hybridisation was 
introduced as a concept to reduce the inefficiencies in creating the material 
properties while also capitalising on their various strengths. While issues and errors 
were encountered, at this early stage in the study it was proven that a hybrid 
approach to producing prosthetic sockets is viable. With these results, and a basic 
control workflow of how a socket can be produced, the next stage of research 
would be exploring how other CAD approaches could improve the efficiency of the 
workflow. 
By exploring a number of more recent plugins and standalone CAD approaches, the 
second study answered the research question ‘How can new CAD strategies be 
applied to improve the efficiency of producing parts with these necessary material 
properties?’ With the additions made from the solutions applied the number of 
steps, repetitions and system changes required to produce a socket model that 
meets the CAD criteria was reduced and the quality and closeness of the finished 
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model to the design intent was far greater. Despite this, not every issue 
encountered was resolved.  From here it was decided that a theoretical approach 
would be taken to resolve the remaining issues using the knowledge gained from 
the previous two studies. 
The third study resolved the research question ‘Is it possible to combine design 
tasks into an overarching CAD package?’ the first evidence of the proposed solution 
was found back in the first study when an issue was encountered with Creo 
representing Rhino models as surfaces in the solids environment (Section 4.2.3). 
This shows that Creo has the ability to represent NURBS, Brep and Mesh models 
within a single environment. The incorporation of volumetric models provided by 
Symvol for Rhino also shows that more than one CAD archetype can be represented 
within a system at once, so this provided the basis of the theoretical model 
representation solution found in study three; ‘The system should dynamically 
convert the model to the archetype best suited to that step of the modelling 
process’. This intention was carried through to the software design specification 
where a number of components intended to handle the various conversions have 
been specified.   
Ultimately, the final research question proposed at the beginning of this work 
remains unanswered. Whilst the third study endeavoured to create a minimalized 
approach to creating a socket, the theoretical nature of the study means 
implementation and further testing is still required before a definitive answer to the 
question can be given. The Software design specification also aids in answering this 
question, as it specifies the future CAD system in real terms. 
The Software design specification is a suitable deliverable for this work, at the onset 
of the research the intention was to discover the possibilities of current CAD and 
specify what advancements would be most beneficial in producing prosthetic 
sockets. This specification is a challenge to the CAD industry to bring it more up to 
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date and in line with recent AM advances. The Specification is also the works most 
significant contribution to knowledge, anyone wishing to create the features shown 
in this study could look to the specification for advice on how to achieve it.  
Contributions to Knowledge 
This work contributes to the field of design for AM in several ways. In an attempt to 
address the challenges posed by the need to develop CAD to keep pace with the 
ever changing area of AM, the area of prosthetic design was chosen to provide a 
design criteria that focused on many of the strengths AM provides.  
Firstly, the exploration of current commercially available CAD packages for 
producing the more demanding design applications for AM demonstrated the 
inefficient and laborious nature of current CAD modelling in these areas. This 
knowledge will be useful to other researchers or designers who intend to apply 
some or all of the methods shown in their own design criteria.  
The exploration of emerging CAD tools and systems, specifically those catering to 
improve AM exposes their strengths and weakness alongside their compatibility 
with other current CAD software. This knowledge will prove useful to those who 
have similar goals in applying these emerging processes or to CAD developers 
interested in improving their tools integration with other software.  
As mentioned in the Discussion, this work provides a research methodology for 
other CAD for AM research applications. The majority of CAD research focuses on 
finding solutions for a specific problem rather than the open view of all CAD 
solutions presented by this work. The method of producing a control model made 
of the best combination of existing tools could also be applied in a wide array of 
other design for AM problems as it is a measurable control for further 
developments.  
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As trends move towards marketing AM at specialists in a variety of fields where 
expertise in a multitude of CAD systems is rare, the proposed system provides a 
model for parametric driven approaches, where user specifies various design 
criteria in terms they understand, while the major CAD functionalities occur in the 
background.   
Finally, as mentioned in the end of the discussions section (Chapter 8), the CAD 
specification is a challenger issued to the CAD research community, intending to 
provoke discussion and development of new CAD solutions that are user and/or 
solution focused rather than depending of core functionality or CAD archetype. The 
group behind Symvol have already used the specification to inform future versions 
of their software as discovered in the research validation discussions.  
Future Work 
The first topic area for future work could be Addressing topology issues. The poor 
topology found in the anatomical form model caused a number of issues on both of 
the anatomical scale socket tests. Better construction of topology could better 
improve the representation of patient geometry for building sockets. 
Another area would be implementing the software specified, how could this work 
go from theoretical to possible? Will the future CAD system adapt existing CAD 
technologies or start fresh from first principles? 
Another possible option would be working backwards from the current cutting edge 
of AM, could a CAD system be produced referencing the specification? This system 
could be for any general application, not just medical applications. This could either 
be blue sky like this work, or undertaken with pragmatic constraints. 
A final area of research could involve the FEA dynamic analysis mentioned heavily 
by the prosthetists during interviews. This would likely be conducted via another 
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research area to the work done here, due to the more computing and mechanical 
focus.   
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I. Appendix 
I.I Study One Workflows  
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Figure 130: Robust Structure test 
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Figure 131: Variation of Directional Stiffness test 
 
 
Figure 132: Anatomical Form test 
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Figure 133: Multiple Material test 
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Figure 134: Porosity test 
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Figure 135: Lattice test 
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Figure 136: Cell channels test 
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Figure 137: Active surface test 
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Figure 138: Improved Porosity and Lattice test 
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I.I.II Rhino 
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Convert Model 
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Figure 139: Robust Structure test 
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Figure 140: Variation of Directional Stiffness test 
 
 
Figure 141: Anatomical Form test 
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Figure 142: Multiple Material test 
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Figure 143: Porosity test 
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Figure 144: Lattice test 
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Figure 145: Cell channels test 
 
 
Figure 146: Improved Porosity and Lattice test 
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I.I.III 3DS Max 
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Figure 147: Robust Structure test 
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Figure 148: Variation of Directional Stiffness test 
 
 
Figure 149: Anatomical Form test 
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Figure 150: Multiple Material test 
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Figure 151: Porosity test 
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Figure 152: Lattice test 
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Figure 153: Cell channels test 
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Figure 154: Active surface test 
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Figure 155: Improved Porosity and Lattice test 
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1. Introduction 
1.1 Purpose of this document 
The purpose of this document is to present the first, basic level beginnings of a software 
specification for a future Computer Aided Design software system. Future versions of this 
document will go into more accurate detail as research progresses. 
 
1.2 Scope of the development project 
Our system is intended to be a multiple material, multiple scale CAD package with a 
simplified user interface. The system will allow clinicians to tailor a prosthetic socket to the 
anatomic scan data of their individual patients, and make specific material and structure 
changes to improve the comfort and fit of said socket. Once the design steps have been 
completed the socket will then be produced by a cutting edge additive manufacturing 
solution.  
 
1.3 Definitions, acronyms, and abbreviations 
• AM – Additive Manufacture  
• Brep – Boundary Representation 
• CAD – Computer Aided Design 
• FEA – Finite Element Analysis 
• IGES – Integrated Graphics Exchange Standard 
• MRI – Magnetic Resonance Imaging 
• NURBS – Non Uniform Rational Basis Spline 
• STL – STereoLithography  
• UI – User Interface 
 
1.4 References 
IEEE STANDARD 1016:  Software Design Specification 
 
1.5 Overview of document 
The bulk of the detail in this document will be found in section 2, the system architecture 
description section. It will provide an overview of the systems components, the structure of 
the system and any user interface issues. 
   
Later versions of this document will elaborate further on section 3, the detailed description 
of components section. 
 
Options for code reuse can be found in section 4. 
 
A discussion of the design decisions made when conceiving the system can be found in 
section 5.  
 
There will be no Pseudo code for components included in this version of the document. 
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2. System architecture description 
2.1 Overview 
This project is to produce a new CAD system approach for aiding clinicians in designing and 
producing the next generation of prosthetic sockets, geared towards a focus on comfort 
and hygiene. 
 
The scope of this project is to create a simplified user experience driven primarily by 
background operations. As the intended end user will likely have little to no experience 
with the complexities of CAD modelling a parameter driven approach was decided for the 
UI. Depending on the parameters entered and adjusted in the front end of the system, 
background processes will make changes and adjustments to the geometry for the user 
displaying only the end result. 
 
2.2 Structure  
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The Model Tree – In order for the system to allow retrospective changes to be made to 
features, and for the features to not be reliant on each other, some kind of directory is 
required. The ‘Model Tree’ will be this directory that ensure specific features have the 
datum’s and base geometry they need to complete. 
 
2.3 User interface issues  
As the user interface carries such an important role in this system, a number of issues must 
be considered. Each step that must be taken to produce the socket requires its own menu, 
and as other pieces of data will need to be imported from various systems in certain steps 
considerations for this must be made as well.  
 
Menu Bar – Depending on the operating system, the system will have a standard menu bar 
at the top of the window. These will be customized for each step of the CAD system. 
 
Tab Menus – Each of the five main steps of the system requires its own dropdown menu 
tab. These tabs would be located at the top of the window below the standard menu bar. 
 
Import window – Certain processes will need to import data from external sources, such as 
MRI scan data. Clicking the ‘Import…’ button on any UI should produce the file open 
window.  
 
3. Detailed description of components 
3.1 Component template description 
The following lists the major components of the CAD system. The components are grouped 
into five categories; Directory, Feature, Datum, Geometry and Function. Detailed 
descriptions of these components can be found in the tables that follow. 
 
Directory: 
• 3.2 model_tree: handles the order of features and allows retrospective changes. 
 
Feature: 
• 3.3 thicken_geom: thickens socket surface thickness to the parameter entered by 
user. 
• 3.4 multi_mat: creates areas of different material depending on user input. 
• 3.5 variable_groove: generates variable stiffness grooves in socket surface based on 
user input. 
• 3.6 gen_porosity: generates an area of porosity within socket geometry. 
• 3.7 gen_lattice: generates an area of lattice structure within socket geometry. 
 
Datum: 
• 3.8 sketch_curve: allows user to create curve datum for altering geometry. 
• 3.9 gen_bound: allows user to create a boundary upon socket surface. 
• 3.10 place_points: allows user to place datum points upon socket surface. 
• 3.11 gen_axis: generates a central axis datum through the socket geometry. 
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Geometry:  
• 3.12 geom_mesh: coverts geometry into a polygon mesh. 
• 3.13 geom_vol: coverts geometry to a volumetric object. 
• 3.14 geom_nurbs: converts geometry to NURBS object. 
• 3.15 geom_brep: converts to Brep solid. 
 
Function: 
• 3.16 gen_geom: updates geometry to include alterations mad by features. 
• 3.17 import_file: allows system to import necessary data for feature. 
• 3.18 export_file: exports completed geometry as Additive Manufacturing 
compatible file. 
 
3.2 Model Tree 
 
Identification model_tree 
Type Directory 
Purpose Manages the order of features and geometry changes 
Function Handles ordering of features to ensure that dependencies are met. 
Subordinates All 
Dependencies None 
Interfaces The model tree allows the user to go back to completed features and 
make changes to them. It also ensures that features only occur where 
the necessary geometry or datum’s are available within the system.  
Tolerances  N/A 
Resources N/A 
Processing  N/A 
Data Core directory of model features 
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3.3 Thicken Geometry 
 
Identification thicken_geom 
Type Feature 
Purpose Thicken the socket surface to the user’s desired parameter. 
Function The function will create an offset of the sockets surface geometry. The 
parameter entered by the user will adjust the thickness in millimeters. 
Subordinates gen_porosity, variable_groove, gen_geom 
Dependencies Requires patient geometry which is imported via import_file, and the 
socket surface to be trimmed via sketch_curve. 
Interfaces The user enters a parameter into the box on the GUI. This parameter 
then dictates the distance normal to the socket surface of the 
resulting extrusion.  
Tolerances  Millimetres (mm) 
Resources N/A 
Processing  N/A 
Data Creates a geometric representation of the socket to the thickness of 
the users desired thickness 
 
3.4 Multiple Materials 
 
Identification multi_mat 
Type Feature 
Purpose Creates an area of the socket surface that can be assigned a different 
material or material property to the rest of the socket 
Function Located at a datum point, the user will define the shape and distance 
from the point of a material area before it grades into the surrounding 
materials. 
Subordinates gen_geom 
Dependencies Requires datum points placed by place_points. Must come after 
thicken_geom in the model tree  
Interfaces A GUI window will allow the user to define the shape of the region 
and the distance this region should be (in mm) from the point before 
it grades into the surrounding material. Different material gradients 
should alter the colour of the area in the GUI. 
Tolerances Micrometres (μm) 
Resources N/A 
Processing  N/A 
Data Material data will need to be stored within the exported file for 
communication with the AM machinery. 
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3.5 Variable Groove 
 
Identification variable_groove 
Type Feature 
Purpose Creates grooves on the exterior of the socket  
Function Using the axis as a central datum, a user defined number of s shaped 
curves will be subtracted from the socket geometry using sweeps. 
Subordinates gen_geom 
Dependencies Should come after thicken_geom in the model tree. Requires axis 
datum generated by gen_axis. As sweeps are a Brep feature solids 
conversion via geom_brep could be used.  
Interfaces As per the users entered parameter n number of s shaped curves will 
be evenly patterned around the central axis. These curves will then be 
projected onto the socket surface before the defined groove shape is 
swept along the s curve path. The resulting shapes are then 
subtracted from the existing socket geometry, leaving a variable 
stiffness groove. A second optional sweep could be performed that 
creates solid geometry opposite to the groove, should the grooves 
intersect areas of porosity or lattice voids.  
Tolerances  Millimetres (mm) 
Resources N/A 
Processing  N/A 
Data Creates a geometric representation of the socket with variable 
stiffness grooves cut from it. 
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3.6 Generate Porosity 
 
Identification gen_porosity 
Type Feature 
Purpose Forms an area of porosity in the socket wall  
Function Populates a user defined area of the socket wall with and adjustable 
distribution of porous extrusions  
Subordinates gen_geom 
Dependencies As this is a subtraction of geometry it must occur after thicken_geom. 
The area in which the porosity will be placed is defined by a 
sketch_bound. Could also require a conversion to a volume object via 
geom_vol 
Interfaces Once the boundary has been sketched and the user has selected that 
the area be porous, a default number of generic pore extrusions 
should populate the area normal to the surface. An adjustable 
parameter will allow the user to increase and decrease the number of 
pores at their discretion. 
Tolerances Micrometres (μm) 
Resources N/A 
Processing  N/A 
Data Creates a geometric representation of a porous area in the socket wall 
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3.7 Generate Lattice 
 
Identification gen_lattice 
Type Feature 
Purpose Forms an area of lattice structure in the socket wall  
Function Populates a user defined area of the socket wall with an adjustable 
distribution of lattice extrusions  
Subordinates gen_geom 
Dependencies The area in which the lattice structure will be formed is defined by a 
sketch_bound 
Interfaces Once the boundary has been sketched and the user has selected that 
the area be a lattice, a default number of generic lattice curves will 
populate the area upon the surface. An adjustable parameter will 
allow the user to increase and decrease the number of these shapes 
to their choosing. This feature must come BEFORE thicken_geom on 
the model tree as the extrusion of the surface creates the lattice 
structure. 
Tolerances Millimetres (mm) 
Resources N/A 
Processing  N/A 
Data Creates lattice structure in the socket wall 
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3.8 Sketch Curve 
 
Identification sketch_curve 
Type Datum 
Purpose Forms the curve that splits the patient geometry to create the socket 
shell.  
Function A user defined curve that splits the geometry shell imported with the 
patient geometry.   
Subordinates thicken_geom,  
Dependencies Comes immediately after an import of patient geometry via 
import_file 
Interfaces The user selects the patient geometry and is given the option to 
sketch a closed curve upon the surface of said geometry. This curve 
will then split the surface, and the user will select which half of the 
geometry to hide. 
Tolerances Millimetres (mm) 
Resources N/A 
Processing  N/A 
Data Creates socket shell geometry 
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3.9 Create Boundary 
 
Identification gen_bound 
Type Datum 
Purpose Creates a boundary for producing porous and lattice areas within the 
socket.   
Function Procedurally generated offset boundary based on user input 
parameters. 
Subordinates gen_porosity, gen_lattice 
Dependencies If creating a lattice can only occur after sketch_curve. If creating 
porosity can only occur after  thicken_geom 
Interfaces A bounding box encompasses the socket geometry and a datum plane 
through the left right and top bottom surfaces of said box. A second 
plane goes through the top bottom surfaces of the box and from the 
back surface of the box to the previous plane. These planes split the 
surface into three and the boundaries of the three surfaces are 
duplicated as curves. A user parameter adjusts how far the curves are 
offset on the surface to create the boundary datum. 
Tolerances Millimetres (mm) 
Resources N/A 
Processing  N/A 
Data Creates boundary curve for Porosity and Lattices 
 
3.10 Place Points 
 
Identification place_points 
Type Datum 
Purpose Creates datum points for defining multiple material regions.   
Function Allows the user to place a collection of points for use as a datum for 
distributing multiple material regions. 
Subordinates multi_mat 
Dependencies Follows on from thicken_geom in the model tree. 
Interfaces The user places a number of points upon the socket surface. These 
points become the datum for placements of multiple materials. 
Tolerances Micrometres (μm) 
Resources N/A 
Processing  N/A 
Data Creates datum points on the socket surface. 
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3.11 Generate Axis 
 
Identification gen_axis 
Type Datum 
Purpose Creates central axis through the socket geometry.   
Function Generates a central axis through socket geometry to provide the user 
with a datum for variable stiffness. 
Subordinates Variable_groove 
Dependencies See 3.9 Place Points 
Interfaces Upon selection of the variable stiffness tab, the system will create a 
bounding box around the entire socket geometry. The axis will then be 
oriented through the top and bottom of the bounding box with 
reference equidistant to the front back and left right planes of the 
bounding box. The bounding box will not be shown on the UI but the 
axis will. 
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Creates an axis datum through the socket geometry. 
 
 
3.12 Mesh Conversion 
 
Identification geom_mesh 
Type Geometry 
Purpose Convert geometry to polygon mesh.   
Function Where a polygon mesh is required for a feature this conversion will be 
made. 
Subordinates multi_mat 
Dependencies None 
Interfaces A geometric conversion is made by the system from whichever 
current geometry the socket model is represented by to a polygon 
mesh. 
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Converts socket geometry to a polygon mesh. (STL file type) 
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3.13 Volume Object Conversion 
 
Identification geom_vol 
Type Geometry 
Purpose Convert geometry to volume object.   
Function Where a volume object is required for a feature this conversion will be 
made. 
Subordinates gen_porosity 
Dependencies None 
Interfaces A geometric conversion is made by the system from whichever 
current geometry the socket model is represented by to a volume 
object. 
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Converts socket geometry to a volume object. (VOL file type) 
 
3.14 NURBS Conversion 
 
Identification geom_nurbs 
Type Geometry 
Purpose Convert geometry to NURBS surfaces.   
Function Where a NURBS surface is required for a feature this conversion will 
be made. 
Subordinates gen_lattice 
Dependencies None 
Interfaces A geometric conversion is made by the system from whichever 
current geometry the socket model is represented by to a NURBS 
surface. 
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Converts socket geometry to a NURBS surface. (IGES file type) 
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3.15 Brep Conversion 
 
Identification geom_brep 
Type Geometry 
Purpose Convert geometry to a Brep solid.   
Function Where a Brep solid is required for a feature this conversion will be 
made. 
Subordinates variable_groove 
Dependencies None 
Interfaces A geometric conversion is made by the system from whichever 
current geometry the socket model is represented by to a Brep solid. 
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Converts socket geometry to a Brep solid. (IGES file type) 
 
3.16 Generate Geometry 
 
Identification gen_geom 
Type Function 
Purpose Generates geometry after changes have been made by features.   
Function Takes the changes made by the features and commits them to 
geometry, altering the representation. 
Subordinates None 
Dependencies Used to generate geometry created via thicken_geom, multi_mat, 
variable_groove, gen_porosity and gen_lattice 
Interfaces Each one of the feature tabs will have a generate button at the 
bottom of the menu’s GUI. Once pressed the changes made are 
committed to the geometric representation of the socket model.  
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Updates geometric representation of socket model. 
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3.17 Import File 
 
Identification import_file 
Type Function 
Purpose Opens window for importing files.   
Function Allows the user to import data into the system when it is required. 
Subordinates multi_mat, gen_porosity, gen_lattice, sketch_curve  
Dependencies None 
Interfaces The user needs to import a patients MRI scan data to generate the 
initial geometry. For Porosity and Lattice’s a sweat map of the patients 
residual limb is needed and for multiple materials a FEA mesh of the 
areas of pressure upon the residual limb. This function allows the user 
to import these files into the system for creating features.  
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Imports data into the system. 
 
3.18 Export Geometry 
 
Identification export_file 
Type Function 
Purpose Exports geometry ready for manufacture.   
Function The user exports the geometry of the socket ready for 3D printing. 
Subordinates None 
Dependencies At least thicken_geom and sketch_curve, all other features are 
optional and incorporated at the discretion of the user. 
Interfaces Incorporates the geometric representation of the socket model and 
the multiple material assignments (if they have been made) to a 
format for additive manufacture.  
Tolerances N/A 
Resources N/A 
Processing  N/A 
Data Export data for additive manufacture. 
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4. Reuse and relationships to other products 
 
4.1 OS considerations 
Software reuse should be a priority when producing this system. While it is not currently 
constrained to any particular operating system, the majority of the generic components of 
the system should incorporate the respective OS architecture. For example when importing 
and exporting files in the Windows OS the standard windows file explore architecture can 
be used in place of creating a unique file explorer for this system.  
 
4.2 Geometric representations 
The computational representation of geometry is used across all varieties of CAD systems. 
To avoid repeating existing work it can therefore be assumed that there is an existing and 
available architecture for at least polygon meshes, Brep solids and NURBS surfaces. 
 
5. Design decisions and trade offs 
 
5.1 Overview 
This specification is based on the results of PhD thesis research into computer aided design. 
A number of tests were performed on existing CAD systems as well as up and coming 
plugins and strategies for improving CAD for additive manufacture. While the workflow and 
components listed earlier in the document where settled upon as being the most ideal 
applications, some other solutions where conceived but ultimately abandoned. 
 
5.2 Review of native CAD systems 
This review consisted of testing three systems, each one was chosen to be a native 
representative for either solid, surface or mesh modelling. A number of desirable features 
were collected into a criteria and test where performed to see whether or not these 
systems could represent them. The result of this test showed that hybrid architecture 
would be required rather than a pure solids surface or mesh based system. 
 
5.3 Review of upcoming strategies and plugins 
Following on from that test, more unique strategies were selected with the hope of 
improving the accuracy and efficiency of the workflow. Many of these strategies have been 
adopted for use in our system due to how they improve the overall simplicity of creating 
the socket. They also provide opportunities for allowing features to be created in the 
background of the system, providing the user with parameter options to alter geometry. 
 
5.4 Conception of system structure 
Based on the knowledge gained from testing and literature, a hybrid system was conceived 
in theory. A breakdown of how each section of the system was provided and how the 
software would work was theorized and discussed. This theoretical model led to the the 
hybrid system that this document specifies. 
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5.5 Dropped solutions 
When conceiving the system a number alternative solutions for certain components were 
explored. An example of this was an alternative method of creating multiple materials. 
Rather than occurring after the socket is thickened, this step would have been performed 
on the socket surface, and the regions would have created curves that split the socket 
surface. When the geometry was then thickened this would create the different material 
regions. While this is a more viable method of creating multiple material data with current 
AM hardware, the need for a functionally graded material transition is much higher. 
Another example of this is the create boundary component, the intention was that the user 
would create the boundary with some kind of sketch curve on surface style tool. The 
chosen solution is a more procedurally generated approach which creates the boundaries 
as an even and equal offset to the surface edge rather than a more varied freehand result 
that would be gained with this solution. 
 
6. Pseudo code for components 
N/A 
 
 
7. Appendices  
 
7.1 Diagrams  
 
Output data
Datum data
Format conversion data
User decision parameter
Background process
External import data
Key
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7.1.1 Model Tree 
 
import_file
Start
thicken_geom
gen_latticesketch_curve
multi_mat
gen_porosity
variable_groove export_file
End  
 
 
7.1.2 Thicken Geometry  
 
Select geometry 
to thickenStart Endsketch_curveimport_file
Enter desired 
thickness in mm gen_geom
 
 
7.1.3 Multiple Materials  
Start Select pointsplace_pointsthicken_geom Select shape of region
Define radius in 
mm End
Repeat until all points are assigned
Select material to 
assign region gen_geom
 
 
 
7.1.4 Variable Groove 
Start thicken_geom geom_brep gen_axis Define number of grooves Sweep solid
Sweep subtract 
groove End
Repeat until n = number of grooves
Assign variable 
material to groove gen_geom
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7.1.5 Generate Porosity  
Start create_bound Populate region with extrusions
Adjust 
concentration of 
extrusions
Endgen_geomimport_file
 
 
 
7.1.6 Generate Lattice  
Start create_bound
Populate 
surface with 
voronoi pattern
Adjust number of 
voids in lattice gen_geom Endimport_file
 
 
 
 
7.1.7 Sketch Curve 
Start import_file Sketch below knee curve
Split socket 
geometry at 
curve
Hide above 
knee geometry thicken_geom End
 
 
7.1.8 Create Boundary  
geom_vol
geom_nurbs
Start
thicken_geom gen_porosity End
gen_lattice End
Porous or Lattice?
Place bounding 
box around 
geometry
Place plane through 
top bottom and left 
right b box surfaces
Place plane through top 
bottom and back surfaces 
of b box to previous plane 
Split surface 
and duplicate 
borders
Adjust offset 
value in mm
Porous
Lattice
 
 
7.1.9 Place Points  
Start thicken_geom import_file Place point where necessary multi_mat End
No
All points placed?
Yes
 
 
7.1.10 Generate Axis 
 
Start thicken_geom
Place bounding 
box around 
geometry
Place axis 
through top and 
bottom of b box
Offset axis equidistant 
from front and back of 
b box
Offset axis equidistant 
from left and right of b 
box
variable_grove End
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7.1.11 Mesh Conversion  
 
Start
Convert geometric 
representation to 
polygon mesh
End
 
 
 
7.1.12 Volume Object Conversion  
 
Start
Convert geometric 
representation to 
volume object
End
 
 
 
7.1.13 NURBS Conversion 
 
Start
Convert geometric 
representation to 
NURBS surface
End
 
 
7.1.14 Brep Conversion  
 
Start
Convert geometric 
representation to 
Brep solid
End
 
 
 
7.1.15 Generate Geometry  
 
Start
Update geometric 
representation of 
socket
End
 
 
7.1.16 Import File  
Patient_Scan.dicom
Patient_FEA.fem
Sweat_map.png
Convert .dicom to 
NURBS surfaces End
Start Match FEA mesh to socket mesh place_points End
Wrap texture 
around socket 
geometry
sketch_curve
sketch_bound End
What file type is 
being imported?
FEA
MRI
Sweat Map
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7.1.17 Export Geometry  
 
Start gen_geom
Export geometry 
and material 
assignments to AM 
format
End
 
 
 
7.2 Version History 
 
Version Author Date Revisions 
1.0 Troy Bodkin 26/07/2016 Creation of SDS, first version completed. 
1.1 Troy Bodkin 01/08/2016 Model tree component added, tolerances added, minor changes made. 
1.2 Troy Bodkin 09/09/2016 Changed the gen_bound and sketch_curve components. Updated diagrams. 
1.3 Troy Bodkin 01/03/2017 Changed all mentions of ‘Anisotropy’ to ‘Variable Stiffness’. 
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I.III Questionnaire for Pilot Interviews 
 
  
A Hybrid, Multiple Material 
CAD System for Next Gen 
Prosthetic Design 
External Validation of Proposed Solution: Questionnaire 
 
Section One: Workflow 
(See PowerPoint Presentation) 
Is the proposed workflow technically feasible? 
Yes No 
Comments:  
 
Are there opportunities to accelerate or shorten the workflow? 
Yes No 
Comments:  
 
Are you aware of any novel or upcoming techniques that 
could improve this in the future? 
Yes No 
Comments:  
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Section Two: Specification 
(See Software Design Specification Document) 
Is the specification sufficient and complete? 
Yes No 
Comments:  
 
Should any of the criteria be revised or improved? 
Yes No 
Comments:  
 
Is the format of the specification suitable for the CAD community? 
Yes No 
Comments:  
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I.IV Questionnaire for Prosthetist Interviews 
 
  
A Hybrid, Multiple Material 
CAD System for Next Gen 
Prosthetic Design 
External Validation of Proposed Solution: Questionnaire 
 
Section One: Research Background 
(see PowerPoint presentation part A) 
 Does the proposed approach of the Research Cluster seem satisfactory / appealing? 
Yes No 
Comments:  
 
Does the introduction of 3D Scanning, Finite Element Analysis and Sweat Mapping 
overcomplicate the socket manufacture process? 
Yes No 
Comments:  
 
Can you think of any barriers to adoption for this kind of manufacture approach? 
Yes No 
Comments:  
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Section Two: Proposed System 
(see PowerPoint presentation part B) 
 
Do you feel the proposed system would be useful to you? 
Yes No 
Comments:  
 
Does the proposed system satisfy all the requirements for producing a prosthetic socket? 
Yes No 
Comments:  
 
Are there any improvements you can recommend to the proposed system? 
Yes No 
Comments:  
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I.V Transcripts of Interviews  
I.V.I CAD User Interview (Pilot) 
Conducted at a Research Department of a University in the UK 
2 participants, 1 interviewer present. 
2 audio recordings. First duration 6:16, Second duration 2:30. 
Section One: Workflow 
[00:00] 
Interviewer: Is the proposed workflow technically feasible?  
[00:02] 
Participant A: As a concept I think it is a very sound one, one of the biggest barriers 
to widespread adoption of 3d printing and CAD technologies is the 
usability side of things. The more you can simplify the approach to 
designing something the better. This will allow a greater audience, 
prosthetists, clinicians, whoever it may be access to the capabilities 
of these technologies. As a concept I think it is very sound yes. 
[00:34] 
Participant B: To the degree that I am aware of these technologies I can say that it 
certainly seems technically feasible; it’s remarkable the parallels with 
a project that we have been working on about creating a new design 
to that would allow surgeons to design their own implants. It all 
looks similar and is working towards a similar ideal outcome, 
automation where possible but with plenty of options for 
manipulation on the users part. 
[01:13] 
Participant A: I recently met with a breast care nurse who has no interest in how 
technology works, she’s petrified of everything computer related but 
she can see the application of creating prostheses that fit her 
patients better, so if she had access to these sorts of things, if any 
prosthetics specialist had access they would probably use them if 
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they were as suitable and available and streamlined as your 
potentially providing them here. 
[01:45] 
Interviewer: Are there opportunities to accelerate or shorten the workflow?  
[02:13] 
Participant A: Only commenting based on our own experiences in automating 
implant production, we started out with a grand ambition of making 
something almost drag and drop with very minimal user interaction. 
As soon as you start interviewing people who would be using it we 
found that they actually wanted more options for control then we 
initially anticipated. Based on what we have seen here I don’t think 
you could strip it down too much further. 
[02:53] 
Participant B: It might be worth creating a very rough test template, maybe 
something based in PowerPoint that you could use for user testing. 
Functionally speaking however I think there is no way to shorten the 
workflow, that’s the only way our project has differed from yours is 
that we have focused more on the user experience and testing with 
potential users but with little focus on the software development 
side. 
[04:00] 
Interviewer: Are you aware of any novel or upcoming techniques that could 
improve this in the future?  
[04:09] 
Participant A: Fusion 360, the Autodesk suite is becoming quite powerful and quite 
flexible. It’s quite difficult to keep track of how many software 
packages they have now. Fusion is quite powerful B-Rep modelling 
and surface modelling combined with mechanical modelling but as a 
CAD packages it is still very much geared towards CAD people who 
know what they are doing and it’s pretty difficult to learn. They also 
do various other things such as Mesh Mixer, but none of them do the 
sort of thing you are proposing here, there aren’t many automated 
I. Appendix 
 
 
 
 
298 
 
 
packages although some of them are moving towards this kind of 
approach to attract more lay individuals rather than the sort of 
mechanical design engineers that they currently draw. 
[05:38] 
Participant B: I personally am not aware of anything; I tend to stick to the reliable 
software that I know. From a quality control standpoint I’m very 
much of the existing tool mind set. 
[06:01] 
Participant A: Even with freeform its flexible but very complicated, you couldn’t sit 
any old person in front of it and expect them to achieve what you are 
proposing here. 
 
Section Two: Specification 
[00:00] 
Interviewer: Is the specification sufficient and complete? 
[00:12] 
Participant A: What you have presented here is logical; you can see the progression 
of how someone might go through the process. I can’t comment on 
whether the result is a suitable prosthetic socket design, but 
certainly in the way it’s presented you can see the logic behind it, it 
seems to be quite well encompassing in terms of design features. 
[00:32] 
Participant B: It’s certainly better presented than the way our collaborators have 
presented their software specification… 
[00:39] 
Participant A: Yes, yes we’ve seen a lot worse from people who are software 
engineers, people who tend to over complicate things to the nth 
degree to make it entirely unreadable and unusable by anyone other 
than the software engineer.  
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[00:56] 
Interviewer: Should any of the criteria be revised or improved? 
[01:02] 
Participant A: It is quite difficult to comment on that. On the face of it, it seems to 
encompass everything a prosthetic socket might need you to include. 
This is a question that would be better posed to a prosthetist. 
[01:48] 
Interviewer: Is the format of the specification suitable for the CAD community? 
[02:03] 
Participant A: I’m not an absolute CAD specialist by a longshot but I could read this 
and understand the workflow and understand what I would need to 
do to interoperate the specification and turn it into geometry of 
some sort. 
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I.V.II CAD Developer Interview (Pilot) 
Conducted Via Skype with Participants from Research Department of a University 
in the UK 
3 participants, 1 interviewer present. 
2 audio recordings. First duration 16:03, Second duration 7:54. 
Section One: Workflow 
[01:38] 
Interviewer: Is the proposed workflow technically feasible?  
[01:48] 
Participant A: It was all very logical. If you use NURBS, meshes or B-rep most of 
your requirements can not be satisfied, the main problem with 
conventional CAD is the fundamental mathematical models. Another 
factor is that analysis has to be built in as part of the system.  
[06:18] 
Interviewer: Are there opportunities to accelerate or shorten the workflow?  
[06:27] 
Participant B: In your earlier studies there are a number of occasions where you 
had to change environment, removing the need to make these 
changes would be an obvious step form minimisation of the 
workflow. 
[08:35] 
Participant A: When Boolean operations fail it’s the end of the story. Your first 
study confirms our view that current CAD systems do not operate 
well, flaws go in and then flaws are outputted. 
[09:43] 
Participant A: Another way to accelerate the work flow is for specific design areas 
to have heavily parameterised template models, so that you do not 
have to start from scratch. For example you may fit the template to 
your patients scan data. Fitting has to be built in to the system. 
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[10:53] 
Interviewer: Are you aware of any novel or upcoming techniques that could 
improve this in the future? 
[11:15]  
Participant A: As I have already said; analysis in the [design process] loop and fitting 
in the [design process] loop. Also the area of reverse engineering; 
segmenting and reconstructing volumetric models from a point cloud 
of scan data. Reverse engineering is another area we are looking at 
incorporating.  
[13:57] 
Mesh Up by Uformia, an entry level CAD system where users start 
with meshes, converts them to volumes and then apply various 
Boolean operations with blends and even arrays before exporting the 
model to an STL or slice file. The interface is interesting as it is open 
source and written in Java script. 
Uformia is not that interested in creating a standalone CAD system, 
we are migrating to a cloud based system at the moment. 
 
Section Two: Specification 
[00:10] 
Interviewer: Is the specification sufficient and complete? 
[00:39] 
Participant A: Yes, of course. All the points you have made are correct. The next 
version of Symvol will satisfy most of the specification… It is a good 
hint for us at Uformia about what to do next. 
[00:48] 
Interviewer: Should any of the criteria be revised or improved? 
[01:03] 
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Participant A: In terms of multiple materials, point sources are not enough. Also in 
some cases give more details of what it is that you want or what it is 
the CAD community wants. 
[01:46] 
Interviewer: Is the format of the specification suitable for the CAD community? 
[01:57] 
Participant A: The research community and the CAD community are different. This 
looks more like a research result, for the CAD community it may have 
to be altered to be more like a software system specification, but 
whether or not this is necessary I am not sure.  Your work is not 
about designing a system after all. 
[02:43] 
Participant C: You can suggest your solution to the CAD community, but the CAD 
community has the right to disagree with you! 
[02:57] 
Participant A: Perhaps convert it into a paper for submission to a CAD journal?  
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I.V.III Prosthetist’s Interview 1 
Conducted at a private prosthetics and orthotics company clinic in the UK 
2 participants, 1 interviewer present. 
Single audio recording. Duration 22:05 
Section One: Research Background 
[00:11] 
Interviewer: Does the proposed approach of the Research Cluster seem 
satisfactory / appealing?  
[00:55] 
Participant A: I think it’s an amazing idea, and I think in theory it sounds great but 
the practicality is what we do at the end of the day so the first thing I 
would say is, how is the socket going to hold on to the leg of the 
patient? 
[01:11] 
Interviewer: (introduces the osseointegrated interface found in Figure 128) 
[02:24] 
Participant B: That's looking at, for example, a socket. You mentioned just now 
osseointegration which removes the socket completely and, 
biomechanically it places the forces (of the patient on the prosthesis) 
back through the skeleton which in our world is the ideal, as you are 
not then trying to take the forces onto  the skin and other areas 
where it is not biologically designed to take. (With osseointegration) 
you are completely removing the purpose of the socket, so you 
don't need a socket once you have done that. You might need some 
sort of interface, silicone, something like that which can incorporate 
your electrodes etc. that will allow movement around the residual 
limb, but your structure is taken physically through the skeleton. 
[03:19] 
Participant A: The other way of holding legs on is generally through liners, either 
suction or pin. And again if you've got something surrounding your 
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residual limb, if you put your beautiful, breathable lattice type 
sockets around it won’t have the same effect. There are liners which 
have got pores that can breathe to some extent, but that's kind of 
early days in practice. 
[03:44] 
Interviewer: Any other comments or criticisms of the approach? Anything around 
the biology etc?  
[03:58] 
Participant B: I’m aware of other research going on around the world where they’re, 
more in the arms for example, they are incorporating 
osseointegration to hold the structure of the arm on if you’d like, 
and then… TMR, (Targeted Muscle Reinnervation) other ways of 
rejuvenating the nerves so they can directly control hand, wrist, 
elbow, depending on what’s missing. And there are different ones, 
from implants that then communicate via radio waves or whatever, 
but because everything is trying to avoid infection. But I know that is 
all very early days, sci fi stuff. 
[05:01] 
Interviewer: Does the introduction of 3D Scanning, Finite Element Analysis and 
Sweat Mapping overcomplicate the socket manufacture process? 
[05:09] 
Participant B: 3D scanning is out there at the moment, it is more used in the NHS 
then in the private sector, [due to] the speed and the volume of 
patients. However, one of the issues we’ve had with 3D scanning of 
the patient is prosthetics is the art of making a socket. At the 
moment it is very hands on, you need to know where you can load 
pressure and where you can unload pressure, which you have put in 
the finite element analysis and, in my expertise at the moment, 3D 
scanning that way isn’t up to scratch. It does not and cannot 
perform as well as a cast onto a clear socket; where you can look 
inside and see where to ease pressure off a little bit, you do need 
further tweaks. However it is at a stage where it is useful in larger 
clinics. If you’ve got a really nice socket, the patient is really, really 
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happy with it, you scan that socket and you keep that data digitally 
stored so if something goes wrong, if they break the socket or 
something you can the reproduce that socket without having to 
[physically] store such a large item.  
[06:33] 
If you go on to the finite element analysis I think that would become 
more useful in when problems occur rather you might get patients 
where you are not sure what, because everyone is different, what’s 
going on. They say they've got pain here, but because they’ve got 
cut nerves and everything, where they are pointing to where the 
pain is, that might not be the point that's causing the pain. As you 
almost can’t see inside of the socket dynamically, you can see inside 
it when they are standing, but if they are walking up and down you 
cannot see what is going on. Some form, to be able to track the 
pressure and then put it into finite element analysis might be worth 
it from that point of view. 
[07:15] 
Participant A: I’m sort of agreeing with participant B, I’ve used CAD systems in my 
previous jobs and it’s not as accurate in my opinion then hands on, 
wrapping someone’s residual limb in plaster of Paris and modifying 
the cast, old school! I have friends who use CAD and they use it all 
the time with great success so, I guess what suits one person doesn’t 
suit the next. 
[07:52] 
Interviewer: So by the sounds of things it’s a case of if it isn’t broken don't fix it? 
[07:56] 
Participant B: Yeah, but you’ve got to move forward, I think. It’s just not there yet. 
I think you've got to, in a clinic like here where we are able to cast 
someone; we’ve got all the production here, that's [traditional 
approach] the best method. I think there are places in Europe, for 
example where the prosthetics centre is a one room shop. You 
would come in, you would see me, I would cast you in this room and 
send that cast away somewhere else to be manufactured etc. and 
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once you go down that road then the 3D scanning might be more 
appropriate if you can get it to a stage where you come in, I can scan 
you, I can send it away to make a clear socket and the tweak that 
socket out that's more beneficial than me having to try and find 
places to do everything else. 
[08:48] 
Participant A: The problem we have got with prosthetics is that we are fitting limbs 
to actual, real people. They are constantly changing, residual limbs 
change – 
[08:59] 
Participant B:  Their volume changes all the time, 
[09:00] 
Participant A: All the time, based on time of day, what medication they are on. So 
again, I can cast someone today and it can fit beautifully or I can cast 
someone today and it doesn’t fit tomorrow. People have different 
ranges of volume fluctuation so that's another issue.  
[09:16] 
The other thing I wanted to say as well was about the strength of the 
actual socket, because we use a lot of carbon fibre in our sockets for 
strength and durability. What materials have you thought about 
using? 
[09:29] 
Interviewer: (Explains who materials investigation is the role of another member 
of the research cluster, introduces carbon fibre additive manufacture 
to the participants, mentions how research is being done as CAD is 
not keeping up with AM possibilities) 
[10:21] 
Participant B: Its interesting what you said about CAD not keeping up with it, see if 
you go down to some of the [CAD] systems that I see being used, 
such as the Opcare System –  
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[10:31] 
Participant A:  TracerCAD. 
[10:32] 
Participant B:  Which uses something called TracerCAD, it's the other way around. 
It's the CAM side that's behind, it’s not the CAD. The CAD gives a nice 
picture and you can adjust it, however we don't use it here but, I 
wish I could find you a socket, something to show you. The socket 
comes out, the inside of the socket is so rough because the CAM 
system is just not high resolution enough, so it is literally well, what 
you would call stress rings around the entire thing. And then it’s 
given to a workshop if you’d like, to then drape it, I know it’s not 3D 
printing but they drape it and then before they do that they've got 
this mould of which they've got to then spend a good half hour to 40 
minutes taking off all these lines. 
[11:18] 
Interviewer: (Takes note of TracerCAD) 
[11:32] 
Participant A: That's sort of the most, kind of well used system. 
[11:34] 
Participant B: It’s used in quite a few of the NHS centres. 
[11:39] 
Interviewer: Going off of that discussion, can you think of any barriers to adoption 
for this kind of manufacture approach? 
[11:50] 
Participant A: The cost of the machines. 
[11:51] 
Participant B: Prosthetics is the cost. I mean, going back to the CAM system I would 
guess it is such a low resolution is again, the cost. I’m aware you can 
get much higher resolution CAM systems but they are probably 
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million pound machines. If your contract for manufacturing for a year 
is only two million then you are not going to buy a couple of million 
pound machine, the two ends aren’t going to meet. I can see where 
there will be advances in this and it’s an exciting way to go, especially 
with 3D printing. 
[12:27] 
Participant A: We’d also need, like software to modify the socket because if we 
took a scan of somebody’s leg and we made a socket from it, it just 
wouldn’t fit. We have to reduce and design it so again it’s having that 
decent system –  
[12:40] 
Participant B: (Explains how on a tour of the clinic the interviewer will get to see the 
necessary amendments that are made to the casts of residual limbs 
for patients) 
[13:00] 
Participant A: I mean I think, in theory it would be, wouldn't it? I mean, how long 
would it take to print a socket? 
[13:06] 
Interviewer: (Interview explains the low lead times of cutting edge additive 
manufacturing systems) the vision of the research cluster is that, you 
could have a patient come into your office, you could scan them in 
the morning and the next day they could come in and pick up their 
socket ready to go. But high speed, high resolution AM comes at a 
high price. 
[14:09] 
Participant A: Most patients go through the NHS, it’s like, budgets are very tight in 
the NHS. I mean when you are working in private the patient is 
paying so they want value for money and… 
[14:28] 
Participant B: Budgets are very tight. 
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[14:43] 
Participant A: I used to manage another service in the NHS, another prosthetics, 
but not the same centre and again, it [the budget] was very, very low. 
  
Section Two: Proposed System  
[15:40] 
Interviewer: Do you feel the proposed system would be useful to you? 
[15:51] 
Participant B: When the future is here, if you’d like, where the costs and 
everything have gone down, a system where we can tweak it and 
adjust it and get very familiar with it, which is a matter of training, 
then I certainly think there are a lot of elements on there that would 
be useful.  
[16:07] 
Participant A: I think the stretchiness of the socket, the flexibility [Variable 
Directional Stiffness] bit –  
[16:13] 
Participant B: I do, I like the idea you can incorporate bits in it, I like that and I like 
the fact that, potentially there will be a potential way that you can 
see dynamically what is going on with a patient  because that is the 
one bit of prosthetics which is still very much a guessing game. 
[16:28] 
Participant A: And we have to rely a lot on what the patient’s feedback, and 
sometimes patients aren’t the best at feeding back. 
[16:35] 
Participant B: Again, because of the damage to the nerves, you know again, where 
they feel pressure isn’t actually where the pressure is and they can’t 
tell you that. And because of that, unless there is a red mark you 
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can’t spot it. It’s, it comes down to expertise and, trial and error to a 
certain extent. 
[16:56] 
Participant A: Yeah, I mean prosthetics is kind of described as a science and an art, 
and that's it, the art part is kind of the difficult bit. If it was purely 
science I think our job would be a lot easier. 
[17:11] 
Interviewer: Does the proposed system satisfy all the requirements for producing 
a prosthetic socket? 
[17:32] 
Participant B: Well no, because on that, from what I understood, I know it is very 
brief, there is no way for me  on that to go right, I need to increase 
pressure in this place and that place, and to relieve pressure there 
and there, so I can’t adjust the socket  from taking the cast. 
[17:47] 
Participant A: That's what we were saying, about how you need to sculpt it- 
[17:49] 
Participant B: They wouldn't be able to walk on it. If I literally for example took a 
cast of you today, took a cast, poured it, smoothed it off, made the 
socket from it, you couldn’t walk on that. I guarantee you would be 
in agony. Without adjusting it there would be no possibility of you 
walking on it. 
[18:08] 
Participant A: Because you have to design the socket so that you are not putting 
weight through the end of the tibia, so again you are loading sort of 
like, the patella tendon and the sides of the tibia. So yeah, you 
would walk on the end of your stump and that… 
[18:27] 
Participant B: If you can incorporate that into the software so, which is what 
TracerCAD does to a certain extent, TracerCAD will allow me to scan 
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your leg and then put in areas of relief and areas where I want to 
take pressure, and then create a socket from that, I think that needs 
to be incorporated in it. With fancy algorithms etc. you could then 
have something which might be able to, to a certain extent, predict 
what pressure build ups will be based on that from data previously 
loaded which, similar to your finite element analysis, then that 
would help me to modify that socket.  
[19:15] 
Interviewer: So in this section (slide 14) where you import patient geometry 
you’d like some tools to enable you to tween and tweak before you 
put the socket. 
[19:26] 
Participant B: if you look at this, if I made a socket here I’m going to have to relieve 
the tibia down here, pressure in here, relieve around the fibula head, 
bit of pressure under the patella etc. and at the back to counteract it. 
I know that already, I know that, if I just did a socket on there it 
wouldn't fit so I’d need something to do that. And then as you went 
on to your finite element analysis picture then yes I know that it can 
be used for once we’ve done the test socket if you’d like, and that's 
very useful but if there is a way of also, of potentially going, right 
you’ve done that however by data already built up, and it would be 
ongoing, we suspect you might have pressure here, here and here. 
You know other areas, warning areas. 
[20:18] 
Participant A: Then as well you’d need somehow, some way to attach the socket to 
the rest of the leg [prosthetic] as well, an adapter of sorts, or 
provision for an adaptor. And again, if you are going to hold the leg 
on with a pin lock or however you are going to hold it on, so yeah. 
 
[20:45] 
Interviewer:  Are there any improvements you can recommend to the proposed 
system? We’ve already talked a lot about this somewhat. 
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[21:03] 
Participant B: It depends on how far you are going. If you are making a socket and 
you are going to put an attachment on the bottom to attach the 
various feet etc. then the ability to move where we put that for 
alignment would be useful, for the simple reason being that, certain 
companies want the alignment in one place and certain companies 
would have them somewhere different for their feet to work the 
best or to be able to adjust it to the specific components that we 
require. 
[21:38] 
Participant A: Some people will have flexion differences as well so that would need 
us to be able to position the adaptor in different ways.       
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I.V.IV Prosthetist’s Interview 2 
Conducted at a NHS prosthetics and orthotics clinic in the UK 
2 participants, 1 interviewer present.  
Single audio recording. Duration 22:53  
Section One: Research Background 
[00:12] 
Interviewer: Does the proposed approach of the Research Cluster seem 
satisfactory / appealing?  
[00:41] 
Participant A: My first point would be, their [the patient] stump changes immensely 
from when they first have the amputation. It could change monthly, 
it could change yearly, it changes all the time. You would have to 
have a [MRI] scan every time you did a new socket. You couldn't do 
it off of one scan done at one point in time because it’s so different. 
That's my advice, as it seems that that scan is what your whole 
system is based on.  
[01:16] 
Participant B: And that was just the FEA scan, yeah. I mean we see patients right 
aft-, a nurse will go and see a patient right on the ward, pre or post 
op if they get the chance pre op really and some of them come into 
the centre pre op if they get the opportunity and then once they 
have had the amputation they are not in hospital for a long period of 
time generally. We get them in quite early for physio here, so it’s 
[FEA] something that we would do, it would need to be done here, 
yeah.  
[02:06] 
Participant A: The whole point of having a prosthetist make the socket is that you 
actually see the person. You can examine them, then you can decide 
where you want the pressures to go, obviously based on 
biomechanical principles and stuff like that. But having just a scan 
like that is more or less similar to now, although they just do a 
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surface scan, okay you've got another type of scan that's showing 
hot or cold or whatever but, does it show you where the bones are? 
Or where the muscles are? How soft it is and how hard it is? That's 
what we need.  
[02:45] 
Interviewer: That's what FEA does, and that's what another member of the 
research group is looking at.  
[02:58] 
Participant A: It’s not just that we want to have control over it, the persons stump 
changes- 
[03:03] 
Participant B: changes… 
[03:04] 
Participant A: -all the time. 
[03:06] 
Interviewer: (prompts the participants to discuss the research cluster proposal 
rather than FEA meshing) 
 
[03:13] 
Participant B: You said about merging materials, trying to get sort of flexible 
materials within the structure of the socket. That's a really good idea 
isn’t it? 
[03:27] 
Participant A: If you could do it, if it could be done then yes it is a good idea. 
[03:31] 
Participant B: It’s something that we try and make by doing almost a double layer 
socket. We’ll do an inner layer which is more flexible and the outer 
structural layer then connects to the components and gives the 
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rigidity. But we can cut bits out of the rigid material that allow the 
flexible. We sort of shape the outer bit- 
[03:59] 
Participant A: So you can have a frame and a… 
[04:02] 
Participant B: so you've got like a framework. So to have it as just one material, I 
assume would be, you know, perhaps in terms of cost and 
manufacturing time and, you know you’re not having to make two 
things, you just have to make one. 
[04:21] 
Participant A: The thing about being flexible as for volume change, yes that's a good 
idea because peoples stumps do change in volume, the nearest we 
would probably have at the moment would probably be urethane 
like material which does allow a little bit of fluctuation. It would 
have to be something like that because I don't know how else it 
would know how far to go and how far to come back. 
[04:43] 
Participant B: And there are various systems that you can put panels into the socket 
and tighten up the little… gizmo that pulls it in or releases a bit and 
there are various strapping mechanisms… 
[04:56] 
Participant A:  What we really need is something that is quite easy to do and 
repeatable, but that actually fits the patient. I mean you can do it by 
steps so you know what you are going to get, there’s a good chance 
of it being correct. 
[05:18] 
Interviewer: Does the introduction of 3D Scanning, Finite Element Analysis and 
Sweat Mapping overcomplicate the socket manufacture process? 
[05:42] 
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Participant B: I think it would initially, and I think you would probably find that you 
wouldn't do it for everybody. You would perhaps use these extra 
tools, like we do with the RODIN scanner now; it’s just an extra tool 
in our bag, we don't use it for everybody because not one thing, one 
system suits everybody. Some patients are quite happy having a 
standard plaster cast, peel out liner, sock fit and they’re fine. And 
then you get some- 
[06:21] 
Participant A: If you were going to use something like that [FEA, 3D scanning etc.] 
it would cost an awful lot of money so you would want to be using it 
all the time wouldn't you? So you would have to have something 
that would work for most people and you’d fall back on the old 
methods when you get someone who just couldn’t take that, which 
there may well be because people are so individual. 
[06:45] 
Participant B: In terms of creating a larger cost or creating us more work it's the 
same with using anything new, isn’t it?  It always takes you a bit 
longer to start with, to get used to using a different method. 
[07:00] 
Participant A: Its understanding how that works because I don't really understand 
how it works. It’s like, how would you know that that would be soft, 
that would be hard, that's sensitive, that's not sensitive, how would I 
know that as a prosthetist who’s never used anything like that? 
[07:59] 
 Also you would have to build in all the mechanical features of what 
would happen when somebody uses prosthesis. As in, the leg might 
not be straight, it might be flexed or abducted or whatever, and that 
has huge effects on the forces in the socket- 
[08:16] 
Participant B: The forces within the socket. 
[08:18] 
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Participant A:  and the design of the socket, obviously. So whether that would all 
be part of it or not and how you would fit that into it, I don't know. 
[08:34] 
Participant B: When we cast a patient for below knee, we do it in sitting. But we 
have to be aware of what happens to their knee joint when they 
take the weight through it. When they are sitting it could look 
perfectly straight, and if you make the socket with that alignment 
that's nice and straight and then they put it on ad they put their 
weight through it and suddenly they are like over there because 
they’ve got lapsed ligaments. So we’ve got to fix the contractures. 
[09:13] 
Participant A: It holds the leg in that shape all the time, so it’s not a normal 
anatomy. 
[09:22] 
Participant B: It’s quite different statically and dynamically, you have to 
compensate for that when we do our rectification.           
[09:39] 
Interviewer: Can you think of any barriers to adoption for this kind of 
manufacture approach? 
[09:43] 
Participant A:  Cost! 
[09:43] 
Participant B:  Cost! 
[09:45] 
Participant A: Cost would be a huge one and it think it’s just because it is such a 
small industry. Cost also… 
[09:52] 
Participant B: And time to learn how to use it. The resources within the NHS system, 
time is quite precious, we don't have an awful lot of time to make 
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mistakes so most of our patients come in for a cast, then we book 
them back in for a fitting and it’s expected to fit, you know we don't 
get the opportunity to re make it and re make it and- 
[10:16] 
Participant A: This might be very difficult to learn, I don't know. Is it difficult to pick 
up? I don't know. It could be really, it could be beyond our capability 
and the other thing also is, I imagine in the future they are trying to 
make things less skilled, because there are going to be so many 
amputees and not enough personnel to do it. So they don't want us 
to have to really highly train people to do it because they don't have 
the time or the resources to do it.   
 
Section Two: Proposed System  
[12:13] 
Interviewer: Do you feel the proposed system would be useful to you? 
[12:20] 
Participant B:  Yeah, I mean it looks, if it was very much step by step, I mean we’ve 
got other systems like our current RODIN system that we have got 
creates our definitive, positive model rather than creating the 
socket- 
[12:41] 
Participant A:  You’re skipping a step there, which would be useful as it would 
certainly save time  and if you also had, what do you call it, that 
Finite Element Analysis whereby you can see soft and hard tissue, 
would be a step up from our scanning stuff that we have now, so 
that would definitely be a help. 
[13:05] 
Interviewer: (clears up the misconception that the system allows prosthetist’s to 
alter patients geometry) 
[13:39] 
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Participant A: I had assumed that we would have the ability to make modifications 
because, what’s the point is showing us all those things unless you 
can do it. 
[13:50] 
 Participant B: The system we’ve got now, the RODIN system allows us to do what 
we call our rectifications to the cast. We take material away, we add 
material, we reduce volume and we shape, make the flares over the 
back of the socket, that sort of thing. 
[14:14] 
Participant A: Because obviously also, the shape under pressure is usually different 
to the shape of somebody sitting there having a scan. It changes it 
immensely depending on how much tissue there is, so you would 
have to work out some way of loading the tissue before you 
physically took the scan. 
[14:31] 
Participant B: So you would need that bit [analysis] before you get to this bit [the 
proposed system]. 
[14:34] 
Participant A: You would need some way of loading the tissue the way it would be 
in the socket before you did all of that. It’s really complicated.  
[14:44] 
Participant B: It’s almost like you’d need some kind of system like RODIN or 
TracerCAD before, because this [the proposed system] is just the 
manufacturing side. 
[14:56] 
Participant A: What I always think is the best you would have is some kind of 
pressure system like Icecast, a way of taking a cast under pressure. 
So if you had something like that because that defines all the, 
equalizes the pressure-ish and it also defines the shape as well to a 
large extent. If you could do that and then have your scan thing [FEA] 
while the pressure is on, I don't know if that's possible. 
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[15:51] 
Participant B: The manufacturing now, the sockets are only manufactured over 
what we have created from taking the cast of the patient and 
rectifying the cast. So we’ve taken the negative plaster cast, applied 
pressure with our hands, we’ve then filled that with plaster to get 
that positive model. We then rectify that; we take away plaster 
where we need pressure to be, where we don't want pressure we 
add plaster. We create all of that shape and then once that is 
achieved the manufacturing can be done over the cast. 
[16:35] 
Participant A: To a certain extent, it doesn’t really matter to us. We’re not worried 
about how the manufacture is as long as the socket shape turns out 
how we want. I mean that- 
[16:43] 
Participant B:  The manufacture is important obviously- 
[16:46] 
Participant A: It is important- 
[16:48] 
Participant B: Because it depends on the socket material and all that sort of thing 
but if we don't do our bit right, if we don't get that cast rectified 
correctly then they do all that work- 
[17:00] 
Participant A: they can spend all their time doing that and the anatomy doesn’t fit- 
[17:03] 
Participant B: We give it to the patient and they are like ah, that's too big or they 
can’t get it on, it’s too small. 
[17:07] 
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Participant A: You want something that you can easily manufacture, quickly and 
easily because people change. And especially now also with a lot of 
people it’s due to diabetes and they are going up and down… 
[17:24] 
Participant B: their volume fluctuates, yeah. 
[17:26] 
Participant A: and you want people to do things quickly. And you may have to do it 
numerous times on one person. So you might see somebody who’s 
coming in new as primary, you might make them a couple of sockets 
in the first year, sometimes more. And then after that you might still 
make them a socket every year or two because they are, a lot of 
people are diabetic, their health isn’t good and their stumps 
fluctuate, their volume goes up and down.  
[18:03] 
Interviewer: Does the proposed system satisfy all the requirements for producing 
a prosthetic socket? 
[18:11] 
Participant A: It doesn’t really does it…? 
[18:15] 
Interviewer: (makes note that the previous questions discussion already answers 
this question as well) 
[18:24] 
Interviewer: Are there any improvements you can recommend to the proposed 
system?  
[18:39] 
Participant B: I think your ideas about blending the material is really good, and 
certainly some degree of breathability because sweat is an issue, but 
then you've got to think are you expecting patients to just, within 
that socket are they going to have any hind of interface between 
their skin and the socket? 
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[19:11] 
Participant A:  How are you going to hold it on? 
[19:12] 
Participant B: How are you going to hold it on? 
[19:13] 
Participant A:  lot of them now are held on by suction so if you have breathability 
are you still going to get your suction?  Suspension is really 
important. Movement is not good; if you get a small amount of 
movement it creates friction- 
[19:36] 
Participant B:  creates problems – 
[19:37] 
Participant A: you get sores. 
[19:38] 
Participant B:  and sweat then exasperates the movement. It makes you wet and if 
you are in a moist environment and the skin is moving up and down 
the skin gets wet and this makes it more delicate. If you add to that 
friction then you are more likely to get tissue breakdown which then 
means you have to take your leg off until it heals. And if you are 
diabetic it probably takes a long while as your circulation is not so 
good, the risk of infection etc. So sweat is a big big deal for our 
patients isn’t it? 
[20:19] 
Participant A:  Sweat is a big deal, it is for some people but other people they 
manage it one way or another. Pressure is obviously the biggest deal, 
and like movement, suspension and taking the forces properly are 
probably the most important and yes sweat does have a big effect 
on the comfort and fit. 
[20:45] 
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Participant B: Some of the components we add are quite heavy, the more 
developed componentry becomes you know, we are getting more 
and more microprocessor type and powered componentry, which 
adds weight. It's the first thing your patients say, they pick their limb 
up and they say “oh, that's heavy. Can’t I have something a bit 
lighter?” but with more function you get more weight. 
[21:20] 
 I think there are a lot of positives though! 
[21:24] 
Participant A: I mean this is research so it’s all theoretical.  But it looks to me like 
there are quite a lot of other things that need to be sorted out 
before you even get to the manufacture. If you want to have 
something that comes out of the end of this [research] then you 
need to get out there and speak to Clinics and bioengineers because 
that is where you’ll get most of your information. 
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I.VI Interview PowerPoint Presentations 
I.VI.I CAD User Presentation (Pilot) 
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I.VI.II Prosthetist Presentation 
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II. Ethics 
II.I Participant Information Form 
 
 
 
 
‘Specifying a Hybrid, Multiple Material CAD System for Next Generation Prosthetic 
Design’ 
Adult Participant Information Sheet 
 
Mr Troy Bodkin, LDS 2.24, Design School, Loughborough University, Leicestershire, 
LE11 3TU, T.Bodkin@lboro.ac.uk, 01509 223566 
 
What is the purpose of the study? 
 
The purpose of this study is to provide some potential end user feedback as a form 
of research validation to the Software Design Specification deliverable of this 
research project. 
 
Who is doing this research and why? 
 
This research is being conducted by PhD candidate Mr Troy Bodkin as part of a 
research thesis Chapter. The supervisors are Prof. Richard Bibb and Dr. Guy 
Bingham. This study is part of a Student research project supported by 
Loughborough University. 
 
Are there any exclusion criteria? 
 
None provided the participant is of a relevant discipline (Computer Aided Design, 
Additive Manufacture, Prosthetics etc.) 
 
What will I be asked to do? 
 
Prior to meeting, the participants will be provided with a copy of the Software 
Design Specification to read and familiarise themselves with at their leisure. During 
the interview (either in person or via Skype) a presentation will be given explaining 
the work that led up to the specification, and a series of six questions will be asked; 
three about the presentation and three about the specification. The participant will 
provide verbal answers to these questions. 
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Once I take part, can I change my mind? 
 
Yes.  After you have read this information and asked any questions you may have 
we will ask you to complete an Informed Consent Form, however if at any time, 
before, during or after the sessions you wish to withdraw from the study please just 
contact the main investigator.  You can withdraw at any time, for any reason and 
you will not be asked to explain your reasons for withdrawing. However, once the 
results of the study are aggregated/published/dissertation has been submitted, it 
will not be possible to withdraw your individual data from the publications/thesis. 
 
Will I be required to attend any sessions and where will these be? 
 
Interviews will either be conducted via Skype call or the researcher will travel to you, 
both of these options will be at a time of your convenience.  
 
How long will it take? 
 
The Interviews are intended to take no more than one hour to complete. 
 
What personal information will be required from me? 
 
It is asked that the participants provide their name, title and their area of expertise. 
The name and title of the participant can remain anonymous if the participant 
desires. 
 
Are there any risks in participating? 
 
There are no risks to the participant bar their opinions on the work being open to 
scrutiny by others. 
 
Will my taking part in this study be kept confidential? 
 
At the request of the Participant their feedback may be given as anonymous, 
however their area of expertise will still need to be provided. 
 
Is there anything I need to do before the session? 
 
Please familiarise yourself with the Software Design Specification prior to the 
interview. Any notes and questions on the work are welcomed.  
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Is there anything I need to bring with me? 
 
If you have a printed copy of the Specification please bring it to the interview with 
you. If not printed copies will be provided (only when the interview is being 
conducted in person 
 
I have some more questions; who should I contact? 
 
Please contact Mr Bodkin via the details provided at the top of this form. 
 
What will happen to the results of the study? 
 
The results of the study will be included in Mr Bodkin’s PhD Thesis as part of a 
chapter on research validation of the Software Design Specification. 
 
What if I am not happy with how the research was conducted? 
 
If you are not happy with how the research was conducted, please contact Ms 
Jackie Green, the Secretary for the University’s Ethics Approvals (Human 
Participants) Sub-Committee: 
 
Ms J Green, Research Office, Hazlerigg Building, Loughborough University, Epinal 
Way, Loughborough, LE11 3TU.  Tel: 01509 222423.  Email: J.A.Green@lboro.ac.uk 
The University also has a policy relating to Research Misconduct and Whistle 
Blowing which is available online at http://www.lboro.ac.uk/committees/ethics-
approvals-human-participants/additionalinformation/codesofpractice/ .  
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